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Abstract
Biotelemetry tags are used widely by biologists throughout the world to research animal
behaviour and patterns to sustain healthy environment.

These instruments are

microelectronics encapsulated in plastic packages for environment protection and
attached to the animal. Physiological data of animal body and environmental conditions
in terms of temperature and pressure is recorded on the on-board memory of the datarecorder tags and can only be retrieved when the tag is retrieved back from the animal.
These tags are usually deployed for long missions and usually contain information that is
recorded over years, in some cases, is very valuable to scientists and thus makes it very
important for these microelectronic devices to have high Reliability. There is a lot of
information on consumer electronics product but little known about these microelectronic
devices as they sustain harsh environments and conditions which is not required by
consumer electronics. This thesis is an attempt to conduct Reliability analysis of such
biotelemetry devices

and provide methodology

for other similar biotelemetry

microelectronic devices.

This thesis comprises of two parts; first part of the thesis deals with the wei bull analysis
of the failure data obtained from field and also understanding of component based
Reliability analysis.

During this process Fault Tree Analysis, Weibull Analysis and

component criticality analysis was conducted.
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Second part of the thesis focused on design failures as pointed out by first part of the
thesis. This led to the qualification of the components and the packaging reliability by
comprehensive analysis, experiments and calculations to evaluate each critical
component of the product which failed at early mortality stage as pointed out by bathtub
curve. During these analysis actual environments were simulated which is these products
are designed for.

This research brings in to focus the need for a better packaging design and extensive
accelerated testing of product, considering this a non-repairable system, before qualifying
moulding materials and electronic components to achieve high Reliability of the system

Keywords: Biotelemetry, micro lectronics, Weibull analysis, Reliability engineering,
Fault tree analysis, moisture diffusion, finite element analysis.
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Chapter 1
Introduction

1.1 Introduction to Microelectronics
Electronics is the study of the flow of charge through various materials and devices such
as semiconductors, resistors, inductors, capacitors and microprocessors.

Electronic devices or systems are used in many fields, such as;

1. Communication
2. Computing
3. Entertainment
4. Measuring or scienti~c equipment
5. Biomedical
6. Other

Among such fields of application is, Biomedical, in which physiological data is
monitored or maintained by small electronic devices, hence known as "Biomedical
devices".

When such data is remotely obtained or transferred to data storage or
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monitoring station through RF, Acoustic or GPS (global positioning system) signal, it is
known as "Biotelemetry".

Biotelemetry (or Medical Telemetry) involves the application of telemetry in the medical
field to remotely monitor various vital signs of ambulatory patients.

Telemetry is a

technology that allows the remote measurement and reporting of information of interest
to the system designer or operator, typically refers to wireless communication. These
devices can be mounted externally to the body of the subject or implanted.

This thesis is only gomg to address the system Reliability of biotelemetry devices
designed to study wildlife, mainly marine animals.

1.2 Biotelemetry Devices and Components
Biotelemetry devices designed for marine life study varies in size and technology based
upon environment and size of the animal, for example;

1. RF Transmitter Tags: for shallow or fresh water application and capable of
transmitting data to the on-shore data receiving stations through radio frequency.
2. Acoustic Transmitter Tags: mainly for shallow or fresh water application and
capable of transmitting physiological data to either on-shore receiving stations
directly or indirectly through floating data recording devices in water.

----~----------------------------------
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3. GPS Transmitter Tags: For terrestrial animals and capable of transmitting data
through satellite to remotely located receiving station.
4. Data Recorder Tags:

these tags are for deep water application, and usually

deployed for long time study (2-5 years). These tags record all the information to
an on-board memory and the recorded data can only be recovered when the tags
are physically retrieved from the animal.

These tags can be equipped with multiple sensors like;

•

Temperature sensors (environment and body temperature measurements)

•

Pressure sensors (elevation for in-land and depth sensing for water animals)

•

Motion sensors (mobility)

•

ECG sensors (to measure heart rate)

•

Compass (to determine heading or positioning)

•

Light Sensors (to determine day and night)

Some types of biotelemetry systems are shown below;

1.

Radio Transmitters and Receivers:

4

Figure 1.1 RF Tracking System, Courtesy ofLotek Wireless Inc.

2. Acoustic Transmitters and Receivers:

Figure 1.2 Acoustic Tracking System, Courtesy of Lotek Wireless Inc.
3. Data Recorders:

Figure 1.3 Data Recorders, Courtesy of Lotek Wireless Inc.
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1.3 Data Recorders- System Description
The electronics of biotelemetry devices (tags) consist of the following essential
components;

1. Integrated circuit with Microprocessor

2. Sensor(s)
3. Data download or upload circuit
4. Battery
5. Wireless communication mode, like antennas or circuits.

Data recorder tags do not include any ante1ma as they are not designed to transmit data
periodically like other tags. However, these tags do contain memory chips to record data
on-board, till it needs to be recovered. Data from recovered tag is downloaded through
optical mechanism (LED) to a computer by using a reading device.

Biotelemetry devices, especially data recorder tags, for wildlife research are designed to
study animal behaviors by tagging animals either externally on the body or internally
(implanted) that monitors and records data over the mission of the study. This important
data is usually recovered after a long wait by scientists and single tag can carry up to
32,000 data points which depict the behavior of the animal over a period of 3-4 years.
The recovery rate of these tags is very low, in the range of 3.9-10%, (Walker and Urawa,
2007), which makes it very important for these devices to have high system Reliability so
that during mission, tags record data reliably and after mission data can be obtained
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reliably from the recovered tags. Therefore, due to risks involve, these data recording tags
needs to have high reliability.

Figure 1.4 shows some main components of data recorder tag.

Optical
communication
Temp .. Sensor

Pressure Sens<r

Figure 1.4 Components of Data Recorder Tracking Tag, Courtesy of Lotek Wireless Inc.

This thesis is based on the study of data-recorder device as shown in figure 1.4 and figure
1.5.
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Figure 1.5 Data Recorder Tracking Tag, Courtesy of Lotek Wireless Inc.

1.4 Scope and Purpose of Research
The ultimate goal of this work is to determine ways for improving the reliability of the
data recording tags. To achieve this goal it is important that failure modes of the system
are identified and studied. This is done by studying the failure data that is gathered from
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field performance record.

Also critical components of the system are identified and

studied. These studies were done analytically and experimentally.

The first component of this research is to perform a detailed analytical analysis on
historical field failure data of the data recorder tag, which will lead into Reliability
Analysis of the whole system. Failure data of these data-recorder tags, which is available
from the last six years, was studied. Failures were defined and grouped under these
categories and Pareto chart was created. Then each failure mode was analytically studied
using Wei bull analysis to understand the mechanisms of failure rate. Shape parameter,

p,

is used to determine the failure mode.

Using failure rates obtained from MIL-STD-217F and MIL-STD-338B, failure rates and
probability of failure data of each component is calculated depending upon working
conditions and environmental loads. Fault Tree analysis is performed for each failure
modes to understand the failure mechanics. The analysis also helped in understanding
the overall reliability of the system. As a result of this analysis of the most sensitive
components came into light.

The second component of this research utilizes the information from the first part of the
research in which the failure modes were identified and takes into deeper understanding
of the root cause of these failures. Experiments at component level are conducted to find
the root cause of all failure modes, which are due to power, packaging and component
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failures. These experiments include testing of battery at continuous and intermittent load
conditions to determine the discharge life of the battery. The experiment was conducted
at two different temperatures to understand the life of battery at extreme temperature
conditions.

Similarly, packaging failure which is defined as water penetration to electrical circuit
related to structural strength and moisture diffusion was also studied, both analytically
and experimentally by conducting pressure experiments and FEA simulation.

These

experiments gave insight to the design limitations of data-recorder tags and moisture
problem which is related to most of the failures in these data-recorder tags.

1.5 Outline of Thesis
Chapter 1 gives a general introduction to the biomedical equipment and biotelemetry
devices. The chapter also includes a statement of the objectives and an outline of the
thesis. The next chapter, chapter 2, is review of the literature. Literature on the moisture
diffusion problem in electronic packaging materials which leads to failures of circuits is
also reviewed. This part of the research is necessary to understand the theory behind
moisture diffusion and conduct experiments to determine the moisture ingress rate
through packaging materials.
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Detailed field data analysis is presented in chapter 3. Hazard rate plots are created for the
whole dataset and then also for separate failure modes. The data was fitted to Weibull
distribution so that we can determine the failure mode of the tags. It was found that the
prominent failure mode is infant mortality. Therefore, in later chapters more extensive
study and experiments are conducted to determine the root cause of these failures.

Battery failure is studied extensively in chapter 4.

Experiments were conducted to

determine the preferred characteristics of batteries to be used for powering the tags at
different temperatures. Conclusions and experiments details are presented in chapter 4.

Packaging failures, which means mostly structural failures, resulting in water penetration
from outer environment and damaging electrical circuit, are discussed in chapter 5. This
chapter also includes experiments and simulations using FEA to determine the design
limitations of the data-recorder tag and qualify the design specifications and
modifications necessary to the design to meet improved specifications.

Another significant problem that is a subset of packaging failures is the moisture
diffusion problem. Water diffuses through the packaging material and through the soft
and hard polyurethane interface causes potential for excess current draw, thus, resulting
in failure of battery and components. Chapter 6 discusses this problem in detail along
with analytical calculations and FEA simulations to determine the impact of moistme
diffusion on the suitability of the current design.
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The conclusions, recommendations and future work are presented in chapter 7.
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Chapter 2
Literature Review

2.1

Introduction

Reliability engineering is an engineering field that deals with the study of reliability,
defined as, " the ability of a system or component to perform its required functions under
stated conditions for a specified period of time". It is often reported in terms of a
probability.

Even though a product has a reliable design, when the product is manufactured and used
in the field, its reliability may be unsatisfactory. The reason for this low reliability may
be that the product was poorly manufactured. So, even though the product has a reliable
design, it is effectively unreliable when fielded which is actually the result of a
substandard manufacturing process. As an example, cold solder joints could pass initial
testing at the manufacturer, but fail in the field as the result of thermal cycling or
vibration. This type of fai lure did not occur because of an improper design, but rather it is
the result of an inferior manufacturing process. So while this product may have a reliable
design, its quality is unacceptable because of the manufacturing process.
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Microelectronics integration density is limited by the reliability of the manufactured
product at a desired circuit density. Design rules, operating voltage and maximum
switching speeds are chosen to insure functional operation over the intended lifetime of
the product. Thus, in order to determine the ultimate performance for a given set of
design constraints, the reliability must be modeled for its specific operating condition.

According to Denson (Denson et. a!. , 1998), over the last several decades, our knowledge
about the root cause and physical behavior of the critical failure mechanisms in
microelectronic devices has grown significantly. Confidence in the reliability models
have led to more aggressive design rules that have been successfully applied to the latest
VLSI teclmology. One result of improved reliability modeling has been accelerated
performance, beyond the expectation of Moore's Law. A consequence of more
aggressive design rules has been a reduction in the weight of a single failure mechanism.
Hence in modern devices, there is no single failure mode that is more likely to occur than
any other as guaranteed by the integration of modern failure physics modeling and
advanced simulation tools in the design process.

In order to understand the current trends in reliability modeling and prediction, we have
to look at it from historical point of view. Reliability modeling and prediction is a
relatively new discipline. Only since World War II has reliability become a subject of
study. This came about because of the relatively complex electronic equipment used
during the war and the rather high failure rates observed.
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Since then, we can indicate two different approaches for reliability modeling
corresponding to different time periods. Until the 1980s, the exponential, or the constant
failure rate (CFR) model had been the only model used for describing the useful life of
electronic components. It was common to six reliability prediction procedures, which
were reviewed by Bowles (1956) and was the foundation of the military handbook for
reliability prediction of electronic equipments, known as MIL-HDBK-217. Although the
CFR model was used without physical justification, it is not difficult to reconstruct the
rationale for the use of the CFR model which mathematically describes the failure
distribution of systems in which the failures are due to completely random or chance
events. Indeed, throughout that period, electronic equipment complexity has begun to
increase significantly. Similarly, the earlier devices were fragile and had several intrinsic
failure mechanisms, which combined together to result in a constant failure rate.

During the 1980s and early 1990s, with the introduction of integrated circuits (ICs), more
and more evidence was gathered suggesting that the CFR model was no longer
applicable. Phenomena, such as infant mortality and device wear out dominated the field
failures and they could not be described using the CFR model. In 1991 , two research
groups, liT Research Institute/Honeywell SSED and the Westinghouse/University of
Maryland teams both suggested that the CFR model should not be used, Nash et a!.
( 1994), based on their research to provide guidelines to update the MIL-HDBK-217.
They suggested that the exponential distribution was unacceptable and should not be
blindly applied to every type of component and system.
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Since then, the Physics-of-Failure approach has dominated reliability modeling. In this
approach, the root cause of individual failure mechanism is studied and corrected to
achieve some determined lifetime. Since wear out mechanisms became better understood,
the goal of reliability engineers has been to design dominant mechanisms for the useful
life of the components by applying strict rules for every design feature. The theoretical
result of this approach, of course, is that the expected wear out fai lures has become
unlikely to occur during the normal service life of microelectronic devices. Nonetheless,
failures do occur in the field and reliability prediction had to accommodate this new
theoretical approach to the virtual elimination of any one failure mechanisms limiting the
useful life of an electronic device.

2.2 Current Research
Since all biomedical/biotelemetry devices are microelectronics in nature so all the
challenges currently being faced by electronic industry is truly applicable to such devices.
Research can be seen on finding better materials, assembly methods, high performing
components or hardware design, etc.

The technology or limitations to technology are constantly being challenged by industry
engineers; the reliability of such components or systems made out of such components is
also a challenge to calculate. Previously available reliability models need to be updated
as the technology changes to keep them validated. Same is the case with MIL-HDBK-
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2 17 standard which is used by industry as a standard but usually modified so that
predicted values are not very off from the tested values.

Current research can be divided into three categories as shown in table 2.1;

Table 2.1 Categories of current research on electronic devices
Electronics
Packaging
Materials
Mechanical
Packaging
Algorithms
Data Transfer

Electronics Hardware Design
Power Supply (life)
Mechanical Packaging,
including size and weight
reduction (Limited)
Algorithms and System
Architecture
Data Transfer (RF/ACS/GPS)
Uplink/downlink

Reliability Analysis of
Electronic Devices
Prediction Models
Failure Rates Accuracy

Accelerated Life Testing
Algorithms

2.3 Hardware Design of Biotelemetry Electronic Devices
Addressing the need for more power efficient microprocessors to prolong the life of
battery, Cook and Fernald (1990), designed a custom microprocessor for implantable
telemetry devices making them more power efficient and be able to package smaller in
size. To fi.niher reduce the size of the microprocessor, DeMichele and Troyk (2003),
designed an ASIC (assigned specific integrated circuit) which reduced the electronics
physical size significantly by adding circuitry into a very small die. Tanase and Marinca
(2005), proposed a concept of frequency exchanger as a part of telemetry devices to help
capture the true movements of subject at low speeds. Whereas, Hsu and Luo (2006)

- - - - - - - - - - - - -- - - - - - - - - -
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created a biotelemetry chip using analog modulation technique, which greatly enhance
the wireless monitoring of ECG data. On the other hand, Betancourt-Zamora and Lee
(1998) proposed a new architecture based upon CMOS technology that saves power as
significant portion of the power budget for any implantable telemetry system is allocated
to the generation of the RF carrier.

Similarly Valdastri and Menciassi (2004), derives a microcontroller based multi-channel
telemetry system which can read different types of sensors simultaneously.

This is

widely used in industry as a common platform for most of the biotelemetry devices
available today. Wang and Johannessen (2005) also designed a whole new biotelemetry
device which is a system-on-chip and programmable.

2.4 Specific Reliability Models for Electronics
Since solder joints are the common part of any electronic devices, Jorez (1999) presented
an optical method to study the thermo-mechanical behaviour of electronic power devices
to understand the reliability of solder joints. Studies like these provide real data that can
be used to calculate failure rates of devices.

Park and Osenback (2005) found that a 3-parameter exponential function is useful to
predict the degradation of Tg (glass transition temperature) under the given aging
condition.
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2.5 Prediction Modeling and Assessment
Reliability prediction is one of the most common forms of reliability analysis, usually
employed at the earlier design stages, in order to evaluate inherent reliability of product
design as well as to identify potential reliability problems. The most common reliability
prediction techniques of the past were based on empirically driven MIL-HDBK-217; the
military standard widely used for three decades by many electronics companies.
Reliability prediction models such as described by MIL-STD-217 are widely accepted in
industry.

However, they do not provide accurate values in a number of situations.

Therefore, during the last years this method' s popularity has been gradually declining
mostly due to proliferation of new electronic packaging technologies, continuous
improvement in quality and reliability, and thus subsequent inability of MIL-HDBK-217
to make accurate failure rate predictions.

However, most of the mathematical models in MIL-STD-217 along with the relevant
principles of physics remain largely valid. In the past years there have been multiple
efforts to improve the accuracy of MIL-STD-217 predictions. The examples include
PRISM, developed by RAC, British Telecom HRD-5 , European IEC 1709, Telcordia SR332, French developed CNET 93, and others. Following is the list of standards available;

1. MIL-HD BK-2 17 (parts count and parts stress method)
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2. Te1cordia
3. Prism (RAC rate models)
4. RDF 2000 (previously CNET 93)
5. NSWC-98/LEl

6. HRD5
7. GJB/z299B

Out of all the above references, only MIL-HDBK-217 is widely available and most
commonly used. Due to assumptions made in MIL-HDBK-217 and some deficiencies
which are explained in detail by Pecht and Nash (1994), lot of work has been done in
modifying these prediction models to obtain accurate results.

Kleyner and Bender (2003) presented a comparison of prediction methods by merging
military standards and manufacturer's warranty data in an attempt to enhance the process
of reliability prediction. This paper presents an attempt to further enhance the process of
reliability prediction by linking the results to the product field data. This is done by
introducing a warranty correction factor, WcF into the equation.

Since each of the two reliability prediction methods have advantages and disadvantages,
it is appropriate to combine both that helps to overcome their shortcomings and make the
most of their benefits.

The merging of the two methods can be accomplished by

adjusting the appropriate empirical equations and coefficients from MIL-HDBK-217 by
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multiplying them by WcF· Where; WcF is a "warranty correction factor", derived from
the analysis of manufacturer's warranty return data.

Kleyner and Bender (2003) states that MIL-STD-217 advantages include useful empirical
equations allowing the user to account for component type and specific operating
conditions. The disadvantages include low accuracy of predicting absolute values of
components failure rates, which are further weakened by the effect of lesser-defined
parameters. Similarly, advantages of applying warranty or other field data to reliability
prediction include relative accuracy of prediction and consistency of the results with
product's performance in the field. Moreover, reference to the field data provides more
credibility with the customer examining the data. The disadvantages include inability to
account for specific usage conditions and to distinguish between different parts within the
same part family.

The limitations of MIL-HDBK-217 are limited by definition of dynamic states, most of
these calculations were done assuming steady-state conditions where power

IS

continuously supplied and the environment conditions remam constant.

IS

This

contradictory with real environment conditions that most of these devices are operated in.
Considering this Rodgers and Eveloy (2000), demonstrated the use of CFD
(computational fluid dynamics) as current feasible reliability predictive technologies in
early design stages to evaluate thermal performance of the electronics.
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Moisture induced failures is the number one cause of failures of most of the electronic
equipments today and many efforts and studies has been done to understand this
phenomenon. While Rodgers and Eveloy (2000) demonstrated use of CFD modeling for
heat transfer studies Zhao and Chaers (2003), developed a prediction model for the
moisture induced failures in flip chip on flex interconnections. Zhao and Chaers (2003)
used FEM simulations (finite element modeling) and experimental modeling for material
characterization and model validation. Finite element simulation was used to calculate
the contact pressure between the bumps and the copper contacts. Then a simulation
methodology was established that models the stress relaxation from contact pressure and
bonding process when exposed to steady-state temperature and humidity conditions. The
mechanical contact pressure obtained in finite element modeling was translated to the
electrical contact resistance for practical interpretation and validation with reliability
ageing test, which was validated by damp heat tests were performed. The experimental
setup and methodology provided important information to understand and to quantify the
degradation mechanisms during aging.

Considering the deficiencies in the current prediction models and the inaccuracies caused
by neglected factor , Wong (1995) developed a framework for prediction models by also
incorporating environmental and internal stresses, parts and material selection, parts
vendors and the exact usage profile.
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He proved that even if just one factor, storage conditions at vendor, is considered in
prediction model, one can see that it varies from vendor to vendor, which provides
another factor that is missing from the classic methods. The inaccuracies of MIL-STD217D were also discussed, for example; MIL-STD-217D cannot be used to predict
MTBF to within 500% accuracy even for similar equipment use in the same environment.

The issues of uncertainties and inaccuracies in the MIL-STD-217 are further illustrated
by

Parry

and

Clemens

(2002), by discussing the

knowledge

gap

between

temperature/stress analysis and system lifetime assessment. Parry and Clemens (2002)
discussed that straight forward application of the Arrhenius model has led to widespread
misconceptions that are then followed blindly. Parry and Clemens (2002) also mention
the difficulty of using MIL-STD-217 type models for new emerging technologies. Since
there is lack of wide, environmentally relevant database of test data and experience of
field failures, the MTTF calculations would be based on many assumptions.

The PoF (physics of failure) approach is a good trustworthy method which takes user
defined load and environmental conditions in combination with layout and other input
data and physics of failure mechanisms to result in a ranking of most probable failures.
The downside of PoF approach is the correct identification of failure mechanisms. For
example; for package and interconnect failure mechanisms, wire bond fatigue might be
due to delamination at the die surface, while misregistration of the part during placement
or inadequate solder paste could reduce the life of the package interconnect. Parry and
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Clemens (2002) described the deficiencies in the thermal analysis by pointing out the
environmental and design uncertainties while also describing the gaps that need to be
filled in order to conduct a reliable thermal model.

It is often and very commonly required to conduct accelerated life tests to predict

reliability of the designed system in a short time. Zhao and Elsayed (2004) conducted
such experiment by developing an IPL-Weibull Browian model for analyzing competing
risk data involving performance degradation and hard failures obtained at accelerated
operating conditions. The models are also validated experimentally by conducting an
accelerated testing on the LED's subject to high test driving current.

When there are multiple failure modes, commonly, it is important to use the relationship
of these competing modes in order to predict the life. Huang and Askin (2003) described
how the reliability analysis are conducted considering competing failure modes involving
performance aging degradation. An experimental dataset was used as an example where
two kinds of failures were kept under discussion, solder/Cu pad interface failure
(catastrophic) and light intensity degradation (degradation failure).

First the MTTF of system is calculated by using each individual failure modes and the
combined effect.

The results shows that catastrophic failures has more impact on

degradation of life then any other failure modes, F11>>F5 • It can also be seen that after
certain time the catastrophic failure mode is not dominant.
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Pfau and Ferrari (2007) went in completely different direction and proposed a hidden
markov model based segmentation teclmique that can be applied to large data set with
various degrees of freedom.

Stochastic pattern recognition based on hidden markov

model can be successfully applied to the task of automated segmentation and
classification of inertial sensor data.

Although there is not much research that can be found on the Reliability analysis of
biomedical or biotelemetry devices, but lot can be found considering general electronics.
As discussed and presented in previous chapter that biotelemetry or biomedical devices
are basically microelectronics the research on reliability of electronic devices is
applicable. Bernstein and Gurfinkel (2006) presented a comprehensive paper, in which,
two state-of-the-art degradation-based reliability simulation methodologies are reviewed
and a new failure rate-based SPICE reliability simulation methodology is proposed to
address some limitations inherent in the former methods. The simplicity and power of
this reliability simulation method make it an additional tool for designers and users to
estimate product reliability and allow system designers to de-rate products for longer life
applications.

Similarly, Cushings and Mortin (1993) presented very interesting approach and study by
comparing MIL-STD-217 with PoF (physics of failure) approach. Cushings and Mortin
(1993) presented data showing the difference in failure rates of components using the two
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methods.

In conclusion, emphasizes was made on understanding the actual failure

mechanism rather than generalizing all types of failures into single type.

Nash and Pecht (1994) also presented a very comprehensive overvtew of reliability
prediction and assessment methods and also provided deficiencies in currently available
methods which lead to future work. For example; development of PoF model to better
represent the effects of material, stress and structure towards failure of components or
systems.

Guo and Zhao (2006) reviewed two popular used models for repairable systems. In order
to overcome the drawbacks of these models, a new model which considers both time
trend and repair effects was proposed. Comparison results show that the proposed model
is very useful in practice.

Jones and Hayes (2001) also presented a new approach to calculate non-constant failure
rate model for reliability estimation of a system which does not depend upon constant
fai lure rates. Lall (1996) compared the two approaches in calculation of the temperature
acceleration of microelectronics device fai lure. The comparison showed different results
obtained from using MIL-HDBK-217 model and PoF approach.
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2.6 Moisture Diffusion Problem
Since many contemporary electronic packages utilize epoxy based materials such as
underfill and molding compounds, they are highly susceptible to moisture absorption,
which can lead to undesirable changes in mechanical performance and interfacial
adhesion. Consequently, moisture can be attributed as being one of the principal causes
for many premature package failures. Central to understanding the effect of moisture to
interfacial adhesion in microelectronic assemblies is to first identify the rate as which
moisture is delivered to the interface, fo llowed by understanding the response of the
interfacial adhesion to increasing levels of moisture concentration. Moisture can affect
the interfacial adhesion both directly by being physically present at the interface itself
and indirectly by changing the mechanical properties of the adhesive and substrate due to
moisture uptake. Moisture can also cause both reversible and irreversible damage to
interfacial adhesion. Therefore a comprehensive study on the effect of moisture on
interfacial adhesion in microelectronic assemblies will need to consider moisture
transport to the interface, moisture effects on epoxy adhesives, moisture effects at the
interface, and recovery of adhesion and bulk properties from moisture uptake.

The deleterious effect of moisture not only damages interfacial adhesion by being
physically present at the interface, but also through the degradation of the elastic modulus
of the adhesive and substrate due to moisture uptake. The change in the elastic modulus
after moisture uptake can be substantial, wruch can significantly affect material
performance and interfacial fracture toughness results. Consequently, the variation in the
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elastic modulus of the adhesive and substrate as a function of moisture concentration
should be determined to completely characterize the loss in interfacial adhesion due to
moisture absorption. Since the substrates in this study are metallic and impermeable to
moisture, it is only necessary to characterize the change in the elastic modulus as a
function of moisture concentration for the underfill adhesive, which is epoxy based and
highly susceptible to moisture uptake.

Epoxy adhesives are found in many microelectronic packaging applications and widely
used throughout the industry. One of the more substantial developments within the last
ten years is underfill, which is an epoxy based encapsulant that mechanically couples the
chip to the board. Underfill drastically enhances the fatigue life of microelectronic
assemblies when compared to unencapsulated devices, Tencer (1994). However, since
underfills are epoxy based, they are also particularly vulnerable to moisture ingress, as
discussed and explained by Uschitsky and Suhir (2001), Wong and Lim (1998), Ferguson
and Qu (2003). Although the absorbed moisture can significantly alter its mechanical
performance and the overall microelectronic assembly reliability, very few studies in the
electronic packaging literature have addressed the issue of moisture on the mechanical
properties of epoxies, and no known papers found to address the effect of moisture on the
elastic modulus. Consequently, it is a necessary requirement to step outside of the
electronic packaging community in order to gain a better understanding of the state of the
art of the effect of moisture on the mechanical properties of bulk epoxies.
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Throughout the literature, the availability of information regarding the effect of moisture
on the mechanical properties of epoxy adhesives is in general limited and more work is
needed to adequately characterize this response, Crocombe (1997), and Harper and
Kenner (1997). From the work that has been published, it has been found that water
absorption can severely modify the mechanical properties of epoxy adhesives by
decreasing the elastic modulus, Zanni-Deffarges and Shanahan (1995), shear modulus,
Jurf and Vinson (1985), and Zanni-Deffarges and Shanahan (1994), yield and ultimate
stress, Wahab (2002) while increasing the failure strain, Crocombe (1997), and Wahab
(2002) as water concentration increases.

Moisture primarily affects the mechanical properties of adhesives through three
mechanisms: plasticization, crazing, and hydrolysis. The first is considered reversible
upon drying, while the latter two are irreversible. Several studies attribute the decrease in
modulus due to the plasticizing action of the water on the adhesive, Jurf and Vinson
(1985), Brewis and Neva! (1990), DeNeve and Shanahan (1992), Zanni-Deffarges and
Shanahan (1995), Crocombe (1997), and Wahab (2002). By acting as an external
plasticizer to the polymer adhesive, the water spreads the polymer molecules apart and
reduces the polymer-polymer chain secondary bonding. This provides more room for the
polymer molecules to untangle and move, which results in a softer, more easily
deformable mass, Rosen (1993). Other studies show the decrease in epoxy modulus after
moisture absorption resulting from crazing, Morgan and Lu (1979), where the absorbed
water can act as a crazing agent continuously decreasing the mechanical strength of
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epoxies with exposure time in water. This is supported by scanning electron micrographs
of epoxies, which show cavities and fractured fibrils that could only be explained by
moisture induced crazing mechanism, Fremont, Pintus, Deletage and Danto (2001).
Consequently, the moisture induced swelling creates dimensional changes and internal
stresses that can ultimately craze and/or crack the material. As a result, lightly crosslinked networks will be more susceptible to crazing than highly cross-linked networks,
Ma, Jansen and Ernst (2006). Last, moisture can also affect the mechanical properties of
adhesives by causing hydrolysis leading to chain scission. Short term exposure to
moisture results in chain scission with a chemical addition of water that remains
permanently in the epoxy system even after subsequent drying, while long term exposure
to moisture can result in an increased probability of chain scission detaching segments
from the polymer network, yielding a permanent loss in weight after subsequent drying,
Xiao and Shanahan (1997).

Studies by Zanni-Deffarges and Shanahan (1994 and 1995) and DeNeve and Shanahan
(1992) depict the decrease in elastic and shear modulus of an epoxy as a function of time
exposure to moisture. Although this information is useful in evaluating the effect of
exposure time to moisture on the modulus, it does not depict how the inherent wet
modulus values change as a function of concentration since a gradient of mechanical
properties will exist in the adhesive until saturation is reached and water concentrations
become steady and uniform. Other studies have evaluated the effect of moisture on epoxy
adhesives after saturation is established for a given level of moisture preconditioning.
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These studies have shown a decrease in the elastic modulus of epoxy adhesives of 24%,
Zanni-Deffarges and Shanahan (1994), 29%, Su and Yang (1992), and 86%, Su and Yang
(1992) for saturation concentrations of 4 wt%, 0.9 wt%, and 3.1 wt% respectively.
However, they only tested one level of moisture preconditioning to compare to fully dried
test results. Consequently, information regarding the mechanical response of epoxy
adhesives to different levels of moisture concentrations is incomplete and fundamental
insight into the intrinsic response of the adhesives to increasing saturation concentrations
of moisture cannot be ascertained.

There are several factors to be considered in interfacial adhesion. Such factors include the
material and physical properties of the adhesives, the bulk and surface characteristics of
adherends, and the nature of the forces involved in the bonding, Lee (1979). Loss of
adhesion resulting in delamination intensifies singular stress behavior, inducing higher
stress concentrations between the adherend and adherate. This will result in more rapid
crack growth than in comparison with undamaged devices, Vroonhoven (1993).

Last, environmental factors such as temperature and moisture can also have an adverse
effect on adhesion. Ferguson and Qu (2002) showed that interfacial fracture toughness is
significantly affected by the presence of moisture, with the interfacial adhesion of two
different underfill/solder mask interfaces decreasing by approximately one half after 725
hours of exposure at 85°C/85%RH. Gledhill and Kinloch (1974) tested joints consisting
of a mild steel substrate and an epoxy adhesive at 20°C/56%RH and submersion in water
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at 40°C, 60°C, and 90°C for up to 2500 hours. They found that the 20°C/56%RH
specimens suffered no significant change in joint strength; however, all specimens
submerged in water resulted in a significant loss in joint strength. They also noted that
joints exposed to 20°C, 40°C, 60°C, and 90°C and O%RH had no significant loss in joint
strength even after prolonged exposure. Consequently, the testing temperatures
themselves did not contribute to the loss of joint strength, and all the observed losses in
joint strength were attributed to moisture. Similarly, Cotter (1977) showed that after 4
years of exposure of epoxy-polyamide/aluminium-alloy joints to a hot-wet tropical
environment resulted in a significant loss in die shear strength, whereas the same amount
of exposure to a hot-dry climate had little effect in die shear strength.

As a result, the deleterious effect of moisture was much more damaging to the bond
strength of the joints than temperature when comparing the two environments. Although
the temperature had no effect in the two aforementioned studies, Kinloch (1979) warns
that in general temperature will affect the durability of adhesive joints, with an increase
in temperature generally yielding an increase in the rate of strength loss. However, a
study by Rogers and Eveloy (2000) found that lap shear joints consisting of a lowmodulus thermoset adhesive bonded to fiber-reinforced plastics (FRP) and galvanized
steel had higher lap shear strength for joints exposed to 60°C for 6 weeks when compared
to controls kept at laboratory conditions (23°C). Consequently, temperature actually
increased the lap shear strength of the joints. Based on the results of the above studies, it
is clear that both temperature and moisture can play a critical role in interfacial adhesion.
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Works from other authors were also considered in regards to modeling of moisture
diffusion using finite element analysis method. Wong and Rajoo (2003) presented the
wetness fraction approach for concentration discontinuity in the application of Fick's law
to multi-material system such as in the plastic packages.

Due to this approach

commercial thermal diffusion analysis software packages can be used to model the
transient moisture diffusion phenomenon. Galloway and Miles (1996) presented a partial
pressure approach to understand moisture diffusion problem.

Wong and Lim (1998)

challenges the approach presented by Galloway and Miles (1996) as it is limited for gas if
it retains it state in solid but this is not the case with moisture which condenses into
water. To further add to his approach, Wong, Koh, Lee and Rajoo (2002) presented a
99% sorption approach which helped in defining the limit of Fickian diffusion, hence
eliminating error caused by non-fickian sorption.

Adding further, Wong and Rajoo

(2003) experimented and presented a comprehensive relationship between the aspect ratio
of the test specimen and errors in moisture diffusion models.

Wang, Koh, Lee and Rajoo (2003) presented a normalized analogy for FEA replacing
concentration with solubility which assumes that solubility remains constant regardless of
the level of concentration. Others like Fremont, Horaud and Weide-Zaage (2006), Ma,
Jansen, Ernst, Van Driel, Sluis and Zhang (2007) added more research work by
conducting various experiments using the methods describe by Wong, Teo and Lim
(1998).
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2.7 Significance of Current Research
The previously mentioned work does cover many aspects of reliability modeling and
assessment related issues in electronics reliability, but all the research is either at
component level, assembly level or focusing on general technology and technology
issues. One can learn a lot from these research and available information in books but
application of such knowledge to a complete system comprising of customized packaging
methods requires experience to modify methods and equations for best fit.

Biotelemetry product manufacturers and designers can benefit a lot from the
understanding of numerical and experimental analysis and methodology prescribed in
reliability engineering at earlier design stage. As explained in previous chapter that due
to risks involve in these costly studies of animals using biotelemetry devices, it is
desirable to understand the true system Reliability of data-recorder tags so that
probability of having a successful mission is well understood.

This thesis focuses on presenting methodology of assessmg system reliability by
analyzing the field failure data of data recorder tag. The analyses of failure data is used
to find out different failure modes and the root cause of those failure and their current
reliability in given design.
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To further, design analysis and qualification of micro-electronics is evaluated by using
analytical and experimental approach for determining structural and materials
specifications.
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Chapter 3
Failure Data Analysis

3.1 Introduction
In this chapter field data of recovered tags will be analyzed to determine the failure
modes for the tags.

Field data for a number of Data Recording Tags was collected

through the warranty claims database, shown in appendix 1 and 2.

Before the failure data analysis, description, functionality and recorded data is described
in next topic to better understand the product and type of data under study.

3.2 Data Recorder Tag
Biotelemetry instruments and systems are used around the world by biologists to study
wildlife behaviour.

The complete system comprises of hardware and software.

Hardware includes implantable data recording tags and data download/upload device,
whereas, software is provided for post processing of recorded data for easy viewing in
graphical format.
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A data storage tag (DST) is used to study marine life, especially in deep oceans where
acoustic and radio telemetry is not possible. These devices are designed to collect data at
specific intervals and store the data into onboard memory till it is retrieved back which
could be after years.

The data recorder tags, product under study, records a time series of temperature and
depth (absolute pressure) measurements to provide insight into detailed animal behavior.
Standard depth measurement ranges include 50m, SOOm and 1OOOm, where "m" means
meters depth of water. Figure 3.1 shows a picture of this product.

reed switch --~===::""\.,.----

lhermlstor
LED-~~~"1

Figure 3.1 Data Storage Tag

Table 3.1 shows the product specifications, in general;
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Table 3.1 Data-recorder tag specifications

Dimensions

8mmX 16mmX27mm

Weight in air

5 grams

Weight in Fresh Water

- 2 grams

Max Operation
Temperature

35°

Min Operation
Temperature

-5° C

Data Points (Temp and
Pressure)

16K, 32K

Standard Depth Range

50, 500, 1000 m

Sensors

Temperature and Pressure

Pressure Accuracy

+/-1% of Current Scale

Pressure Resolution

Scale I 256

Temperature
Measurement

-5° to 35° C

Temperature Accuracy

better than 0.3° C

Temperature Resolution

0.20° C (avg.)

Typical Life

>3 years

Number of Records

32K, 64K

c

Since the recorded data from the data-recorder tags provides life pattern of in study living
species by capturing temperature of the body and depths in ocean where the animal lives,
it also contains failure time and failure mode history. A test is conducted to show the
functions of the data-recorder tag and understand the interpretations of the recorded data.
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To do this, tag, as mentioned in figure 1 was used to record data for approximately I day.
The tag was reset and left on desk in a room environment from afternoon till evening,
then after 5:30 pm tag was left on outside in an open environment to collect data
overnight in cold temperature. Retrieved back and brought back inside for download.

Start: November 20, 2007, 11:23.02 am
Finish: November 21,2007, 08:44:08 am
Total Data Points Recorded: 5467 (1 every 14 seconds)

Below are the graphs from Figures 3.2 to 3.6 shows the recorded data;
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Figure 3.6 Pressure Chart of Tag with scale change

One can see that the temperature reached a maximum of 27°C during day and a minimum
of 1.7°C at night, whereas the pressure stayed around zero (absolute pressure) all the
time.

This test shows the significance of recorded data in terms of;
•

Mission life

•

Performance and accuracy of pressure and temperature sensors

•

Failure of each sensor. This is not evident from this test as tag did not fail during
the test. If any of the sensors had failed during the mission life it could be seen
here recorded as flat line.
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After understanding about the operation of product and data presentation, failure data was
analyzed to establish different failure modes.

3.3 Failure Data Analysis
Hazard rate plotting method is used to determine the probability distribution that best
describes the failure process. This is a powerful graphical approach to perform failme
data analysis. The method is popular because of its advantages such as;

•

Fits the data to a straight line

•

Results obtained through plotting are convincing

•

Easy to understand

•

Straight forward to visualize the theoretical distribution that fits the field data

The complete observations may be described as data in which the times to failure of all
units of a sample are known. On the other hand, when the running times of unfailed units
and the failure times of failed units are given, the data are called incomplete or "Censored
data". In turn, the running times of unfailed units are called the "Censoring times".

In the event of having different censoring times of the unfailed units, the data is known as
"Multi-censored data". In contrast, when the censoring times of all the unfailed units are
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the same and greater than the failed units failure times, the data are said to be " Singly
censored". Nonetheless, the multi-censored data occur due to factors such as follows ;

•

Removing items/units or terminating their use prior to their failure

•

Some extraneous causes were responsible for the units/items failure

•

Collecting data from active units/items

Censoring was used to fi lter out the tags that did not fai l and can be seen in Appendix 2.

3.4 Hazard Rate Plotting
Hazard rate is defined by Equation 3-1 and 3-2;

li(t)

= f(t)

(3-1)

R(t)

li(t)

=

f(t)
1- F(t)

Where;
A.(t) = hazard rate or instantaneous fai lure rate
R(t) = reliability at timet
f(t) = probability density function (PDF)

(3-2)
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F(t) = cumulative distribution function (CDF)

Weibull distribution consists of a family of distributions which can be used to describe a
wide range of failure data. The Weibull density function is defined by Equation 3-3;

(3-3)

Fort ~

0

Where;
R =reliability of system at given time, t
t = time
~

= shape parameter

8 = scale parameter (characteristic life)

The Exponential and the Raleigh distributions are two of the many special distributions
that can be obtained from the Weibull distributions by changing the value of the shape
parameter, ~ -

An Exponential distribution is obtained by setting the shape parameter to 1,

while a Raleigh distribution is obtained by setting the shape parameter to 2.
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The failure and reliability functions are related by;

F(t) = 1- R(t)

(3-4)

By substituting equation 3-3 into 3-4, we get;

(3-5)

Rearranging and applying natural log on both sides;

ln{l - F(t)}= -(

~

r

(3-6)

Taking natural log again,

ln In{

1
} = fJln t - fJln B
1- F(t)

Comparing this with the general equation describing a straight line,

(3-7)
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(3-8)

Y=mx+c

Where,

Y = In in{

1
}
1- F(t)

X = In t

One can also plot a graph between lnln[l /(1-F(t)] and ln(t).

To determine the statistical distribution fit to the given data and estimate the values for its
parameters by using the hazard plotting steps is described below;

3.4.1 Plotting Steps
The following 8 steps are used to construct a hazard plot;

1. Ordering the data containing 't' times from smallest to largest without making
any distinction whether these data are running (censoring) or failure times of
units. A separate column adjacent to the times is showing the status of the tags
for identification.
2. Labeling the ordered times with reverse ranks.

, - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - -- - - - - - - - - - ·

---
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3. Computing hazard value for each failure using 1/reverse rank. The hazard value
may be described as the conditional probability of failure time. In other words, it
is the observed instantaneous failure rate at a certain failure time.
4. Obtaining the cumulative hazard value for each failure by adding its hazard value
to the cumulative hazard value of the preceding failure.
5. Choosing a statistical distribution, in this case Weibull, and prepare times to
failure and corresponding cumulative hazard data for use in the selected
distribution to construct a hazard plot.
6. Excel is used to calculate values and plot charts. Even though the running times
are not plotted, they do determine the plotting points of the times to failure
through the reverse ranks.
7. Detennining if the plotted data points roughly follow a straight line. If they do, it
is reasonable to conclude that the selected distribution adequately fits the data and
draw a best fit straight line.
8. Estimating the values of the distribution parameters using the hazard plot. For
example; for Wei bull distribution values of 8 and

~can

be calculated.

Following the steps mentioned above, a graph is plotted for the complete failure data as
shown below in Figure 3.7.
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Figure 3.7 Full data (regardless of failure mode)

Considering equation 3-7 and comparing with the equation of the straight line, equation
3-8, from graph, we can see that;

Slope = m =

_l_

P= 0.7619

-( - 6. 1656)

B =e P =e

o.76 19

= 3225.89

Where,

Y = y and intercept = C

hours

(3-9)
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Similarly, MTTF for Wei bull distribution can be calculated using Equation 3-1 0;

(3-1 0)

Inserting the values of 8 and

p from

the graph and determining the value of r from the

tables, we get;

MTTF

= 3225 .89.r.( I +

MTTF

= 6711.77r.(2.317)

MTTF

= 3786.45HOURS

MTTF

= 0.43YEARS

I )
0.7619

We can see that the distribution is showing decaying hazard rate, A.(t), which is the infant
mortality part of the bathtub curve as shown in Figure 3.8.

O<P< I = 0.76 = exponentially decreasing function, describes infant mortality
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Figure 3.8 Bathtub Curve

After analyzing the complete failure data, it is broken down into different failure modes
by first defining the failure criteria. Definitions of failures are as described below;

1. Power failure: when tag stops working < 2 years in mission life due to no power
from battery.
2. Packaging failure: when single or multiple components on the circuit board
stops working due to presence of water.
3. Communications failure: when photodiode stops working and data cannot be
downloaded from the tag.

Means, only component failure and all the other

components are functioning normally.
4. Pressure sensor failure:
recorded.

when pressure sensor stops working and no data is

Means, only component failure and all the other components are

functioning normally.
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5. Temperature sensor failure: when temperature sensor stops working and no
data is recorded. Means, only component failure and all the other components are
functioning normally.

Pareto chart, Figure 3.9, shows all failure modes and their contribution.
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Figure 3.9 Failure modes Pareto chart

Wei bull analysis of each failure mode is separately done in following sections.

3.5 Failure Mode 1: Power Failure
Figure 3.10 shows the data distribution for power failure.
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Figure 3.10 Hazard plot of power failure data

Similarly using Equations 3-9 and 3-10,

slope(m) = fJ

B= e

_2:_

fJ

= 0.8073

-C1.1oosl

= e o.so73 = 6606.03 hours

MTTF = 0.8 years

0<~< 1

= 0.80 =exponentially decreasing function, describes infant mortality
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3.6 Failure Mode 2: Packaging Failure
Figure 3. 11 shows the data distribution for packaging failure.
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Figure 3.11 Hazard plot of packaging failure data

Applying equations 3-9 and 3-1 0, we get;

slope(m) =

B =e

_x_
fJ

f3 = 0.7502

-C57425>

=e

o.75o2

MTTF = 0.28 years

= 2 110.3 hours

10

54

O<P< 1 = 0.75 = exponentially decreasing function, describes infant mortality

3.7 Failure Mode 3: Communications Failure
Figure 3.12 shows the data distribution for communications fai lure.
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Figure 3.12 Hazard plot of communications failure data

Using Equations 3-9 and 3-10, we get;

slope(m) =

fJ = 0.9019
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_!_

() = e p = e

- ( - 8.1996)
0.9019

= 8879.26 hours

MTTF = 1 year

O<P< l = 0.90 = exponentially decreasing function, describes infant mortality

3.8 Failure Mode 4: Pressure Sensor Failure
Figure 3.13 shows the data distribution for pressure sensor failure.
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Figure 3.13 Hazard plot of pressure sensor failure data

Using equations 3-9 and 3-1 0;
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slope(m) = f3

_.2:_

e=e p =e

= 0.7847

-( - 6.5507)
0.7847

= 4221.36 hours

MTTF = 0.5 years

O<P<1 = 0.78 = exponentially decreasing ftmction, describes infant mortality

3.9 Failure Mode 5: Temperature Sensor Failure
Figure 3.14 shows the data distribution for temperature sensor failure.
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Figure 3.14 Hazard plot of temperature failure data
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Again, applying Equations 3-9 and 3-10, we get;

slope(m) = f3

_x.

e= e p =e

= 0.6337

-Cs.sss3l
0.6337

= 10793.92

hours

MTTF = 1.7 years

0<~< 1

= 0.63 =exponentially decreasing function, describes infant mortality

3.10 Fault Tree Analysis
FTA can be simply described as an analytical technique, in which an undesired state of
the system is specified, usually events that result in failure. The system is then analyzed
to find all realistic ways in which the undesired event (top event) can occur. The fault tree
itself is a graphic model of the various parallel and sequential combinations of faults that
will result in the occurrence of the predefined undesired event. The faults can be events
that are associated with component hardware failures, human errors, software errors, or
any other pertinent events which can lead to the undesired event. A fault tree thus depicts
the logical interrelationships of basic events that lead to the undesired event, the top event
ofthe fault tree.
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FTA is a deductive, failure-based approach. In determining the causes, a fault tree is
constructed as a logical illustration of the events and their relationships that are necessary
and sufficient to result in the undesired event, or top event.

In the previous section failure data obtained from field was analyzed and the following
failure modes were noted;

1. Temperature sensor failure
2. Pressure sensor failure
3. Communications failure
4. Power failure

In this section a Fault Tree Analysis will be conducted to further investigate the root
cause of these failures. Each mode of failure is plotted to show root cause of the failure
and the probability of each component failure is looked upon to determine the root-cause
of the failure.

Before fault tree analysis of the above mentioned failure modes are conducted it is
important to understand the block diagram of the whole circuit so that relationship
between components can be seen, which will help in creating and understanding the fault
tree diagrams. Following Figure 3.15 shows the block diagram of the data recorder that
is under study;

r---------------------------------------------------------------------------------- -----------
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Figure 3.15 Block Diagram of Data Recorder Tag

The DC power is supplied to the microprocessor (U2) which runs the embedded firmware
to control the rest of the circuitry.

Using MIL-HDBK-217F, failure rates of each component was calculated and
corresponding failure probability values were determined for Fault Tree Analysis. The
values are shown in the following Table 3.2;
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Table 3.2 Failure rates of components
Failurt

Quantity
Used

Total F'ttilu rt Rale/10' 1-lrs

l~(t) •u l'(·>-l)

F(t) • I-R(t)

0 011664

I

0 011664

0 999693517

0 000306483

XI

0. 12432

I

0 12432

0.996738202

0.00326 1798

Ul

0 0416

I

0.0416

0 998907349

0.001092651

MICRO PICI2LC509A-04l/SN

U2

0 208

I

0 208

0 994548673

0.005451327

DtscriJHion

Rtr. Designator

RRte/106
Hrs

Diode KA3020S RC

LED I

Crystal Tuning Fork 32.768Hz
RTC I'CF8563TS

EPROM 24LC515-l/SM

U3

2 02

I

2.02

0.948298835

0.051701165

CONY MCP3202-Cl/ST

U4

00372

I

0.0372

0.999022862

0.000977138

AMP LMV358MM

us

0. 1256

I

0. 1256

0.996704674

0.003295326
4.59889E-05

Trans UN9214

Ql

I 75E-03

I

0.00 175

0 9999540 11

CAP CER I OuF 16 V 0603

Cl

2.3 I E-03

I

0.0023 I

0 999939295

6.0705E-05

CAP CER 22pF NPO 0603 5% SOY

C2

0.013

I

0 013

0.9996584 18

0.00034 1582
0.00063052 1

CAl' CER 220pF NPO 0603 5% SOY

C3

0.024

I

0024

0.999369479

CAP CER IOOOpF X7R 0603 10% 50

C4

0.029

I

0.029

0.999238 17

0.00076183

CAP CER I.OuF 16V 0603

C5

2 98E-03

I

0.00298

0.999921689

7 83 113E-05

CAP CER 0 0 I uF X7R 0603 I 0%50V

C6

I 79E-03

I

000179

0 99995296

4 70401 E-05

CAP Tantalum 220uF 6V C-Case

0 078

I

0.078

0.997952259

0.002047741

Resistor IOOKohm I% 0603

C7
R3 ,R9,R IO,RII ,
Rl3

8 62E-03

5

0.043 1

0.999773492

0.000226508

Resistor I OKohm I% 0603

R2,R8,RI 5

7.84E-03

3

0.02352

0 999793986

0.0002060 14

Resistor I SKohm I% 0603

R5

7 84E-03

I

0.00784

0 999793986

0 000206014

Resistor 43Kohm 5% 0603

R7

7 84E-03

I

0.00784

0.999793986

0.000206014

Resistor 18K2ohm 1%0603

Rl4

7.84E-03

I

0.00784

0.999793986

0.0002060 14

Resistor J5Molun 5% 0603

R6

0.0196

I

0.0196

0.999485045

0.0005 14955
0.000206014

Resistor Oohm 5% 0603

RIB

7 84E-03

I

0.00784

0.999793986

Sensor NTC Thermistor

THI

0.441

I

0 441

0 9884774 19

0.0 11 52258 1

PCB LTDIIOO Version 2

PCB

0 0323

I

0 0323

0.999151516

0.000848484

SWITCH REED S PST 10-ISAT

SWI

10.2

I

10.2

0. 76486494 7

0.235135053

TAB I

TAB

0.038

I

0,038

0.999001858

0.000998 142

Battery

BATT

0.003886

I

0 003886

0.999897881

0 000 102119

Packa~in~

PKI

0.6

I

0.6

0.984355664

0.015644336

Soldering

Sid

00002

I

0.0002

0.999994744

5.25599E-06

14. 1
7065 1
68.9%
78%
88.3%

fa ilures/) 06 hours
hours (8 years)
for 3 yea rs
for 2 yea rs
for I yea r

Tota l Failure Ra te of System (Asys) =
MTTF (I / Asys) =
System Relia bility R(t) = exp(-At)

Fault Tree Analysis of fai lure modes are as fo llows;
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3.10.1 Temperature Sensor Failure
This is mode of failure where only temperature sensor is failed and other parts of the
circuit are working normally. This behavior is noticed when recorded data is plotted in
post-processing software.

When temperature sensor or temperature sensing circuitry

stopped responding, a flat line is observed throughout the recorded data which is an
indication of failed sensor reading.

The fault Tree of such failure event is as follows in Figure 3.16;

Temperature Sensor
Failed

r
Sensor Circuit
Failed

G
Figure 3.16 FTA for Temperature Failure

Signal Converter
Chip (ADC)
Failed@ Pin 2
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The analysis of the tree is conducted by expressing the top event as a Boolean algebraic
equivalent of the tree itself.

The top event "E 1" is the union of 02 combinations,

(intersections) of basic events, E2 and Pin 2.

E1 = E2 +Pin 2
El =TH 1 + R8 + Pin2

The failure rate (A.) of each component involved is used to calculate the Reliability (R) of
each component, which is then subtracted from 1 to obtain the failure probability (P) of
that particular component.

For above failure event,
P(temperature sensor failing) = P(E2) + P(Pin 2)
= P(THl) + P(R8) + P(Pin 2)
Inserting the values of from table 1, we get;
P(E1) = 0.011522581 + 0.000206014 + 5.25599E-06 = 0.01173385

=

1.1%

The relative importance of each component can be obtained by taking the ratio of the
individual value of failure of probability to the total system probability, P(El ).
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Table 3.3 Component importance for temperature circuit
Component
THl
R8
Pin 2

Importance
98.24%
1.75%
< 0.01%

3.10.2 Pressure Sensor Failure
This mode of failure is described as when only pressure readings are not obtained due to
pressure sensor circuitry failure, which also includes, amplifier and signal converter.
This phenomenon is also observed, as temperature sensor failure, as flat line showing an
infinite value of pressure in the data.

The fault tree of such failure event is shown in Figure 3.17;
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Pressure Sensor
Failed

Sensor failed

Amplifier
Failed

~

~

ADC Failed

8888
G G G a
vvuuo_::_
GJ

~

'PowerGain

8888
Figure 3.17 FTA ofPressure sensing failure

Again using same concepts as applied previously;
E 1 = E2 + E3 + Pin 3
E1 = TAB1 + R18 + R19 +PK1 +PK1 + US+ R3 + RS + R15 + E4 +Pin 3
E 1 = TAB 1 + R 18 + R 19 + PK 1 + PK 1 + U 5 + R3 + RS + R 15 + (R 13
+Pin 3

Or can be expressed in terms of probability of failures, as;

* R 14 * CS * C6)
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P(E1)

= P(TAB1) +

P(R18) + P(R19) + P(PK1) + P(PK1) + P(U5) + P(R3) + P(R5) +

P(R15) + [P(R13)*P(R14)*P(C5)*P(C6)) + P(Pin 3)

Therefore,
P(E1) = 0.03643

=

3.64%

The relative importance of each component can be obtained by taking the ratio of the
individual value offailure of probability to the total system probability, P(E 1).

Table 3.4 Component importance for pressure sensor circuit
Component
TAB1
R18

us

R3
R5
R15
R13
R14
C5
C6
PK1
Pin 3

Importance
19.42%
0.4%
34.13%
0.4%
0.4%
0.4%
0.4%
0.4%
0.2%
0.91 %
42.84%
< 0.01%

3.10.3 Communications Failure

This mode of failure results in no communication with the data recorder when an attempt
is made to download recorded data. Fault tree for such a failure event is plotted and
shown in Figure 3 .18.
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Figure 3.18 FTA for communications fa ilure

EI

=

E2 + E3 + BATT

El = LEDl + R9 + RIO + U2 + Cl + R12 + E4 + BATT
EI

= LEDI + R9 + RIO + U2 + Cl + RI2 + (C8 * R6 * UI * Xl * C2) + BATT

Hence,

67

Therefore,
P(E l) = 0.006579664 = 0.65%
The significance of each component can be analyzed by considering the ratio of P(E l) to
individual fai lure probability, as shown below in Table 3.5 ;

Table 3.5 Component importance for communication circuit
Component
LED1
R9
R IO
U2
Cl
R 12
BATT
C8
R6
Ul
Xl
C2

Significance
1.65%
0.44%
0.44%
42.85%
1.8%
0.44%
1.55%
0.7 1%
7.82%
10.60%
29.57%
2. 13%

3.10.4 Power Failure
This mode of fai lure occurs when the total power of the system is fai led. The fault tree
for such failure event is described below in Figure 3.19;
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Figure 3.19 FTA for Battery failure

E 1 = BATT + E2 = BATT + U2 + C 1 + R 12 + E3
E l = BATT + U2 + C l + R12 + (C8

* R6 * Ul * Xl * C2)

By inserting the values of probability of failure for each component, we get;

Hence,
P(E l) = 0.0053 20166 = 0.53%

The significance of each component can be analyzed by considering the ratio ofP(El) to
individual failure probability, as shown below in Table 3.6;

69

Table 3.6 Component importance for power circuit
Component
BATT
U2
Cl
R12
C8
R6
Ul

Si2:nificance
1.91%
55.27%
1.14%
3.87%
0.88%
9.67%
10.53%
10.31%
6.42%

XI
C2

3. 11 Conclusion
Summarizing the results from hazard plots in Table 3.7;
Table 3. 7 Summary of Hazard plots
Data Set

All failures combined
Power failure
Packaging failure
Communication fai lure
Pressure failure
Temperature failure

Shape
Parameter
B= 0.76
B= 0.80
B= 0.75
B= 0.90

B= o.n
B= 0.63

Scale
Parameter
e = 3225
e = 6606
e = 2110
e = 8879
e = 4221
e = 10793

Result

Infant Mortality
Infant Mortality
Infant Mortality
Infant Mortality
Infant Mortality
Infant Mortality

A summary of the results obtained for the analysis of failure data is given in Table 3. 7.
These results show that the magnitude of the shape factor for the individual failure
modes, as well as for the complete set of data is less than unity. This indicates that the
tags failed in the "infant mortality" mode. This means that a better quality control system
may actually reduce the failure rate of these tags and increase their service life. Reasons
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for failure in the different modes need to be explored in detail and manufacturing and
assembly defects need to be eliminated before the deployment of these tags.

In next chapter these failure modes will be looked upon in greater detail for determination
of root cause of early life failures.
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Chapter 4
Failure Mode Analysis: Power Failure

4.1

Introduction

The power failures are defined as system failure when tag stops working less than 2 years
in its mission life due to no power from battery.

This phenomenon is due to rapid

discharge of battery. Rapid discharge of battery is due to excess current drawn from
battery which can happen due to presence of additional unspecified resistance in parallel
to the already present resistance resulting in lower resultant resistance causing battery to
discharge rapidly. Probable causes of rapid discharge of battery are;

I. Excess current drawn by component(s) on circuit board

2. Operating or storing at extreme temperatures

A bottom-up approach is used to investigate the above probable failure causes. Starting
with the battery, the battery type (chemistry), capacity and nominal life at different
temperature conditions were experimentally investigated.
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In next sections of this chapter all the experiments conducted on the battery and the
methods of analysis applied to the experimental results are described. This leads to the
conclusion that the battery type and capacity are well suited for the intended application.

4.2 Battery Type and Specification
The batteries under investigation are Lithium coin cells, in particular Lithium Manganese
dioxide (LiMn0 2), as shown in Figure 4.1.

o12.5

09 .2

dl~~

(-)

r

~

'-

!

(·)

Figure 4.1 Dimensions of battery

Lithium batteries are primary batteries that have lithium metal or lithium compounds as
an anode. Depending on the design and chemical compounds used, lithium cells can
produce voltages from 1.5 V to about 3.0 V . Lithium batteries find application in many
long-life critical devices such as artificial pacemakers and other implantable electronic
medical devices.

The specifications of the battery used in the data-recorder tags are

shown in Table 4.2 below.

. - - - - - - - - - - - - - - - - - - - -- - - - - - -- - - - - -- - --------
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Table 4.1 Battery specifications
Nominal Voltage (V)
Nominal Capacity (mAh)
Nominal Discharge Current (rnA)
Temperature Ranges (°C)
Weight (grams)
Dimensions (mm)

3.0
36
0.1
-20 to +85
0.8
Positive Cap Diameter: 12.5
Negative Cap Diameter: 8.2
Height: 2.0

4.3 Battery Lifetime Analysis
Two thin metal strips were welded to the positive and negative battery poles.

This

facilitated the attachment to the pads on the printed circuit board, known as "tabbed"
cells, Figure 4.2. Heat generated during the welding process has a potential to burn some
electrolyte in the cell and may consequently reduces the capacity of the cell.

An experiment was conducted to evaluate and compare the capacities of both virgin and
tabbed cells at room temperature. Another experiment was conducted to compare tabbed
cells at +25°C and at -l6°C to determine the change in the capacity as a function of
environmental temperatures.
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Figure 4.2 Tabbed battery

4.4 Experiment 1: Battery Lifetime in Continuous Drain Condition at
+25°C
Cells were connected to an 18H2 resistor, as shown in Figure 4.3 and left at room
temperature, +25°C, to discharge.

Periodic voltage readings were taken using digital

multimeter till the battery voltage reached 1.99V which is the cutoff voltage for these
batteries. The usable life of a battery is defined as the time it takes for its voltage to reach
a level j ust under 2.00 V.
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Figure 4.3 Tabbed and virgin cells under continuous drain

Table 4.2 shows the results of continuous drain test at +25°C both for virgin and tabbed
cells.

Table 4.2 Battery Lifetime experiment results of virgin and tabbed cells under
continuous drain at +25°C
Hours

Component

Celli
Ce11 2
Cell 3
Cell4
Cell 5
Cell 6
Cell 7
Cell 8

Status

Virgin
263.5
254.5

Tabbed
259.0
254.0

252.5
264.0
26 1.5
26 1.0
257.0

25 1.5
262.5
26 1.0
258.0
247.5

Fa iled
Failed
Failed
Fai led
Fai led
Failed
Fa iled

260.0

26 1.0

Failed
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Cell9
Cell 10
Cell 11
Cell 12
Cell 13
Cell 14
Cell 15
Total =
Failure Rate (A.=Total
cells/total hours)=
MTTF (hours) =
Reliability =
Standard Deviation =
Coefficient of Variation=
Standard Error=
Average Life (mAh) =

278.5
250.0
256.5
254.0
253.5
261.0
260.5
3888.0

262.5
254.0
250.5
251.0
26 1.5
253.5
272.5
3860.0

0.003858025
259.2
0.9999324 1
6.821 185486
2.62%
3.101904762

0.00389
257.333
0.99993
6.46603
2.51%
2.7873

40.6

40.3

Failed
Fai led
Failed
Fai led
Failed
Failed
Failed
15

4.5 Experiment 2: Battery Lifetime in Continuous Drain Condition at

The second experiment was conducted at -l 6°C by placing a number of tabbed cells in
the freezer, under the same load of 18kn. A digital multi-meter was used to measure the
voltage of the cells periodically. A voltage of magnitude 2.0V was used as a cutoff
target. Figures 4.4 and 4.5 show the experimental setup.
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Figure 4.4 Experimental setup of battery lifetime for tabbed cells at -l6°C under
continuous load of 18kD

Figure 4.5 Tabbed cells under continuous load at -l6°C

Note that Figure 4.5 shows that although moisture appears to form on the cells but no
rapid discharge was noticed on the recorded data.
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Results ofthe continuous load test at -l6°C are shown in Table 4.3
Table 4-3 Battery lifetime experiment results for tabbed cells under continuous load

conditions at -l6°C
Time
0
0:43:00
2:00:00
2:47:00
3:47:00
4:47:00
5:47:00
2 1:39:00
22:54:00
24:24:00
29:54:00
46:27:00
52:59:00
69:59:00
142:04:00
166:04:00
190:09:00
194:42:00
2 14:04:00
2 16:00:00
2 17:00:00
Tota l Discharge Hours =
Failure Rate (A.) =
MTTF (hours) =
Reliability =
Standard Deviation =
Coefficient of Variation =
Standard Error =

Cell 1

Cell2

Cell3

Cell4

CeliS

3.2 1
2.76
2.59
2.55
2.68
2.6
2.57
2.5
2.5
2.54
2.45
2.46
2.48
2.5
2.35
2. 1
2.22
2.2
1.98
1.65
1.61
1056
0.004734
2 11
0.9997
7.3
3.5%
10.74

3.24
2.75
2.54
2.57
2.7
2.59
2.58
2.5 1
2.53
2.59
2.49
2.49
2.51
2.52
2.25
2.09
2.22
2. 14
1.93
1.88
1.84

3.23
2.78
2.67
2.63
2.74
2.65
2.64
2.57
2.59
2.63
2.53
2.53
2.55
2.57
2.45
2.25
2.37
2.3
2. 1
1.97
1.96

3.27
2.77
2.7 1
2.67
2.76
2.67
2.65
2.58
2.6
2.63
2.55
2.6
2.55
2.57
2.46
2.27
2.4
2.3 1
2.12
2.12
1.98

3.23
2.69
2.67
2.64
2.74
2.66
2.64
2.57
2. 58
2.6 1
2.52
2.53
2.53
2.5 6
2.32
2.28
2.34
2.28
2. 11
2. 16
1.99
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4.5.1 Results
Comparison between the battery life of the virgin and tabbed cells at +25°C and -l6°C are
shown in Table 4.4. It can be seen that tabbing reduces the MTTF by about 3.0 hours,
whi le at a temperature of -l6°C the reduction in MTTF reaches 48 hours.

Table 4.4 Battery lifetime results for virgin and tabbed cells

Failure Rate (A.) =
MTTF (hours) =
Reliability =
Standard Deviation =
Coefficient of Variation =
Standard Error =

Virgin
+25"C
(n= l5)
0.003
259
0.999
6.8
2.6%
3. 10

Tabbed
+25"C
(n= 15)
0.003
257
0.999
6.4
2.5%
2.79

Tabbed
-16"C
(n=5)
0.004
2 11
0.999
7.3
3.5%
10.74

The data obtained from both experiments can be compiled as shown in Table 4.5 so that
box plots can be made for graphical representation, as shown in Figure 4.6.

Table 4.5 Table for box plots
+25"C

First Quartile

-16"C

Virgin

Tabbed

Tabbed

Ql

254.25

252.5

2 10

MTN

250.0

247.5

199

Second Quartile

Median

260.0

258.0

2 14

Extreme Outlier

Max

278.5

272.5

2 17

Third Quartile

Q3

26 1.25

26 1.25

2 16

Inter-quartile Range

7

8.75

6

Smallest non-outlier value
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Figure 4.6 Box plot diagram for battery lifetime experiments

From the box plots shown in Figure 4.6, following comments can be made;

J_

Total discharge life for both virgin and tabbed batteries tested at +25°C are close
to each other with only 28 hours of difference

2. Standard deviation and coefficient of variation values for dataset belonging to
virgin and tabbed batteries tested at +25°C indicates that the distribution of both
the datasets is very similar to each other, meaning that their is approximately no
difference between the test results of both virgin and tabbed batteries. This is also
seen in resulting discharge life of only 28 hours of difference as indicated in item
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3. Comparison of standard deviation and coefficient of variation values for datasets
of tabbed batteries tested at +25°C and -l6°C shows that a higher dispersion of
data across the mean value for tabbed batteries tested at -l6°C. This is mainly,
due to the fact that total number of test samples were only 05 compared to 15 for
tabbed batteries when tested at +25°C
4. Life of battery reduces by 46 hours when operated at -l6°C as compared to + 25°C

The difference in lifetime between tabbed cells at +25°C and -l6°C can also be seen in
Figure 4.7.

Temperature Characteristics
I• [25C) 0 [-16CJ I
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~
<ll

2.55
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~

0

>

2.35

2.15

1 . 95 +r-rr,.,..,..,..,m'T'T'1M'T'

Discharge Duration (hrs)

Figure 4.7 Comparison of lifetime of tabbed cells at +25°C and -l6°C
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The conclusion that can be made from experiments 1 and 2 is that there is a relationship
between temperature and lifetime of battery. Lifetime of battery reduces as temperature
is decreased. Similar experiments can be repeated at different temperatures and a curve
can be plotted showing the relationship between temperature and life of battery.

To determine the true life of the battery when used in the data-recorder tag, battery needs
to be tested at intermittent drain conditions also which mimic the real operation of the
tag. The true battery life calculations requires knowledge of load at both continuous and
intermittent drain conditions as the microprocessor intermittently runs the whole circuit
when measurement is taken but rest of the time it stays in sleep mode which means low
continuous drain from battery. Battery lifetime values at continuous drain conditions are
completed in experiments 1 and 2.

Experiment 3 is conducted to calculate battery

lifetime at intermittent drain conditions as actually happens when data-recorder tag is
operating normally.

The information gathered from experiments 1 and 2 will be used in experiment 3 and
battery life will be calculated for temperatures, +25°C and -l6°C.

4.6 Experiment 3: Battery Lifetime in Intermittent Drain Conditions
The cell provides power to the microcontroller chip which runs the circuit as needed. By
using an oscilloscope, peak current values and pulse times are measured for each activity
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of the tag to determine the rate of power usage at each stage and also to determine the
depreciation in the cell's life when one activity is overused.

The tag once manufactured stays in running mode withdrawing a currents which depend
on the type of activity. The activities are;

1. Sleep: it is amount of current needed by microprocessor to keep clock running.

This is a continuous current draw condition which is fixed during mission life of
the tag.
2. Reset: this is the amount of current microprocessor needs to reset the memory and
start logging in readings from sensors from the beginning. This is an intermittent
current draw condition that depends on user and not fixed.
3. Sample: it is the an1ount of current microprocessor needs when taking readings
from pressure and temperature sensors.

This is an intermittent current draw

condition which is fixed during mission life of the tag.
4. Download: it is the amount of current microprocessor needs when recorded data
is downloaded from tag's memory chip to computer. This is also an intermittent
current draw condition that depends on user and not fixed.

Figures 4.8 to 4.13 show the measurements of time and currents used by the data-recorder
tag. These measurements were taken using a highly accurate Oscilloscope.

84

Figure 4.8 Peak current draw measurement at reset activity

Figure 4.9 Pulse time measurement for reset activity
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Figure 4.10 Peak current draw at sampling activity

Figure 4.11 Pulse time measurement for sampling activity
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Figure 4.12 Peak current draw at data download activity

Figure 4.13 Pulse time measurement at data download activity

4.6.1 Calculations
Using the information of current and times measured through oscilloscope, summarized
in Table 4.6, battery lifetime required by the data-recorder is calculated analytically.
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Table 4.6 Results of measurements taken through oscilloscope
Activity

Reset
Sample
Download
Standby

Current
(uA)
840
154
880
1.19

Duration
(seconds)
0.124
0.84
44.2
continuous

Continuous Power Drain (standby mode or continuous drain):

1.19E-3 (rnA) x 24 (hours) x 365 (days/year) = 10.42 mAh/year
Pulse power drain (sampling mode or intermittent drain):

For 32,000 samples
154E-6A x 32000 = 0.00492 rnA
0.84 x 32000 = 26.88 ms
As, 60 (minutes) x 24 (hours) x 365 (days) = 525,600 minutes/year
525600 x 26.88 = 14128128 seconds on load
14128128/3600 = 3924.48 hours
3924.48 (hours) x 0.00492 (rnA) = 19.30 mAh
Total power required to operate for 1 year = 19.30 + 10.42 = 29.72 m h
Average current drain = 14.86 mAh = 14.86/8760 = 1.69 uA
0.036/1 .69E-6 = 2130 1.775 hours = 2.43 years

= 21301.775 - 46.13 = 21255.64 hours
In conclusion, life of data-recorder as calculated above is summarized in Table 4.7
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Table 4. 7 Life of data-recorder when used at +25°C and -l6°C
Operating Temperature
Life of Data-Recorder

+25°C
21301.77 hours
2.4 years

-l6°C
21255 .64 hours
2.4 years

Since there was only 46 hours of difference in battery lifetime when tested at +25°C and l6°C, the life of the data-recorder tag, which includes continuous and intermittent drain
conditions, is more than 2 years.

The data download and reset activities are user dependent and can be varied. Also, note
from Table 4.6 that data download activity draws more current and for longer period.
Addressing this relationship and its impact on tag life, a curve is plotted between the data
download activity and tag life so that relationship can be understood, see Figure 4.14.
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Data Download Activity Vs Tag Life
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Figure 4.14 Relationship between data download activity and life of the data-recorder tag

Figure 4-1 4 shows that as the number of data download activity increases, life of the
data-recorder tag decreases by a factor of 0.5 years for each additional activity. It also
shows that maximum of 6 download activities is allowed in order to keep tag life above 2
years.

4.6.2 Results
It can be seen from the graph shown in Figure 4.14 that life of the data-recorder decreases

linearly as the number of data downloads increases.
download activity increases.

Table 4.8 shows tag life as
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Table 4.8 Life of a data-recorder Vs number of data downloads
No. of
Downloads
0
I

Tag Life
(years)

2
3

6
7

3.4
3
2.7
2.4
2.2
2

8

1.9

4

5

4 .8
4

4. 7 Conclusion
The following observations and results can be drawn from the experiments;
1. Loss of cell capacity between virgin and tabbed cells at +25°C is very low, which
means welding process does not affect much on the life of the battery
2. Loss of cell capacity at different temperatures is not more than 46 hours of life
3. Cells are good for +2 years of life based on power requirement by microprocessor
on circuit board
4. Power requirement by circuit that is using these cells still fits well within the
design life of the product, > 2 years.
5. Data download activity which is user dependent needs to be controlled as it has
significant affect on the life of the data-recorder tag.

In conclusion, premature battery failure which was observed in the analysis of failure
data is most likely due to an excess current draw (short circuit) which drains battery
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rapidly within few hours to few months depending on the type of the short circuit that
occurTed. It is assumed that the short circuit is due to moisture either already trapped
inside the data-recorder at the time of moulding or diffused through the packaging
material.

Since we have determined experimentally and analytically that rapid discharge of battery
is the result of excess current drawn and not due to extreme operating temperatures,
therefore power failures due to rapid discharge of cells is only a result of short circuiting
of battery or any other component on-board the circuit. This will be discussed in-detail in
Chapter 6

Chapter 5 and 6 investigates packaging failures which are related to penetration of water
to the electrical circuit causing short circuit of component(s), thus resulting in either
component failure only or rapid discharge of battery by drawing excess current.

--

------- - - - - - - -- -- - -- - - - - - - - - -
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Chapter 5
Failure Mode Analysis: Packaging Failure

5.1

Introduction

The biotelemetry data-recorder tag under study is designed for underwater applications
where it remains immersed in water, attached to the animal, and collects pressure and
temperature data periodically. Therefore, it is important that the electronic components
should be completely insulated from water. The packaging should be designed to provide
a water proof barrier that protects the electronic components from being subjected to
moisture.

All electronic components along with the battery and sensors are moulded with
polyurethane that provides such protection. Two kinds of polyurethanes are used to
encapsulate the electronics, one is clear and hard with high tensile strength and the other
is soft rubber like dark in colour with low yield strength. The later is used to cover the
sensitive pressure sensor so that it remains protected from handling. The pressure sensor
needs to be able to sense the compression of the soft polyurethane membrane as it
deflects under the effect of pressure.

-------------~-----
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Soft black polyurethane cap
Pressure sensor die
Printed circuit board
Hard clear polyurethane body

Figure 5.1 Anatomy of the data-recorder tag showing polyurethane body

Figure 5.2 Sketch of data-recorder under study
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Referring to Figures 5.1 and 5.2, it can be seen that there are only two ways water can
penetrate to the electronic components and circuit;

I. Through cracks or openings in plastic encapsulation
2. Through polyurethane material by diffusion process

It is also suspected that water leaks through the interface between the black and the

transparent urethane and causes damage to the pressure sensor and/or battery. Which
results in either only pressure sensor failure or adds to rapid discharge of battery.

To investigate water penetration through the plastic body, structural analysis of the datarecorder is conducted both experimentally and numerically using finite element analysis.
Chapter 6 describes more experiments and simulation modeling which were done to
investigate moisture diffusion through the packaging materials.

The focus of the

structural analysis is on the stresses at the interface of the two types of polyurethanes
used to package the tag. Since both types of the polyurethanes have different coefficients
of thermal expansion, this may give rise to high residual stresses at the interface of the
two materials and thus result in a lower tensile strength for the packaging.

In the next few sections of this chapter experiment details will be provided along with
discussion on the results, and conclusions from the experiments and the simulation
modeling.
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As mentioned in Chapter 1, data-recorder tag is designed to have a design life of 2 years.
The tag's function is to record temperature and pressure measurements in water of depths
that may reach a depth of 1000 meters.

It is important to know if the materials used for encapsulation are strong enough to

sustain such pressures.

Any structural failure can cause water to ingress and cause

damage to the electronics inside. Structural stress analysis is conducted using the finite
element method at different pressures and results were compared with experimental
analysis.

5.2 Structural Analysis
The tags were placed in a hydraulic pressure vessel capable of creating pressures up to
4500 psi. The first few data-recorder tags were subjected to pressures of 700, 1420 and
2800 psi for a period of 1 minute each. In another experiment, tags were subjected to the
same pressures mentioned above for a period of 5 hours each to observe creep effect.
The results obtained from this experiment are given in the following section.

Data-recorder tags are designed for marine animals study, which live in water and can
reach depths of 1000 meters in cold oceans. Under such pressures, moulding compounds
which encapsulates the electronics are subjected to pressures which create compressive
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stresses on the surface of the data-recorder and has a potential to damage the soft and
hard polyurethane body.

Pressure experiments are conducted to test these tags under such pressures and to
determine the design limitations.

5.2.1 Samples Preparation
Few test specimens were made using the same manufacturing procedure used for the
manufacture of the actual data-recorder tag. These test samples were moulded with
moisture absorption test paper (Cobalt Chloride test strip), which turns white in colour
when moisture is absorbed.

Moisture tests strip replaces actual circuit board and

electronic components to keep cost of test specimens low. Tag size and dimensions were
exactly the same as the actual product.

5.2.1.1 Step 1
Preparation of moulds was done with moulding silicone. Once the sil icone moulds were
ready, after an overnight cure, it was filled to half its height with hard polyurethane and
left for over night to cure at room temperature. Figure 5.3 shows the process.
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Figure 5.3 Silicone moulds

5.2.1.2 Step 2
Another silicone mould was used for the soft polyurethane cap and after filling the
moulds with the black soft polyurethane it was left overnight to cure fully. Figure 5.4
shows the moulds for the circular cap for pressure sensor.

• • •

•

•

Figure 5.4 Silicone moulds for soft polyurethane

•

4t

•
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5.2.1.3 Step 3
Once the overnight cure is complete, circular cap created from soft polyurethane was
placed on the moisture test strip, as shown in Figure 5.5, and the assembly was laid in the
mould which was half filled with hard polyurethane in step 1.

The mould is now filled to the top with the hard polyurethane, sandwiching the moisture
test strip and circular cap, as shown in Figure 5.6. It is again left to cure for another 24
hours.

Figure 5.5 Cobalt Chloride test strip
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Figure 5.6 Fully moulded test samples in silicone mould

Test specimens are now ready for the pressure experiment.

5.2.2 Pressure Experiments
Test specimens were placed inside the hydraulic pressure vessel, as shown in Figure 5.7
and subjected to three pressures, 700, 1420 and 2800 psi for only 1 minute. In second
stage of experiment same pressures were applied for 5 hours to create creep affect.
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Figure 5.7 Hydraulic pressure vessel

After each applied pressure for specific time, samples of data-recorder tags were taken
out of the vessel and inspected under the microscope for any cracks and visible damage.
Table 5.1 shows the results at all applied pressure ranges.

Table 5.1 Observation of pressure tests
Applied Pressure
700psi
1420psi
2800psi

1 minute
no damage noticed
no damage noticed
no damage noticed

5 hours
not conducted
no damage noticed
damag_e noticed

Test samples subjected to 2800psi of pressure for 5 hours show signs of damage and
presence of moisture on the test strip as shown in the Figures 5.8 to 5.10.
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Figure 5.8 Test samples after 2800psi pressure for 5 hours showing moisture on the test
strip

No damage was observed when samples were subjected to 700, 1420 and 2800 psi
pressure for 1 minute. But when same pressures were applied continusously for 5 hours,
micro-cracks were observed on the soft black polyurethane circular cap only. Figures 5.9
and 5.10 show cracks on the circular cap.
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Figure 5.9 Micro-cracks on soft polyurethane, sample 1

Figure 5.10 Micro-cracks on soft polyurethane, sample 2

Figures 5. 9 and 5.1 0 show that cracks are not only in the middle of the soft polyurethane
but also on the edges, which is the interface of soft and hard polyurethane. There was no
damage observed on the hard clear polyurethane material.
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5.3 FEA Simulation
Due to the cost of physical pressure experiment and specimens, FEA simulation is
conducted using commercially available finite element package, CosmosWorks®. Same
pressure values were used in FEA simulation as used in pressure experiments.

Material properties were obtained from the datasheets supplied by the manufacturer and
presented in the Table 5.2.

Table 5.2 Material properties ofthe encapsulants
Material Properties
(N/ml)
Elastic Modulus
Poisson's Ratio
(N/ml)
Tensile Strength
(N/ml)
Yield Strength
CTE (/K)
Thermal Conductivity · (W/m.K)
Specific Heat
(J/kg.K)

Soft Polyurethane
(Black)
9E06
0.49
6.89E05
9E06
0.00067
0.14
I

Hard Polyurethane
(Clear)
300E07
0.39
1.99E07
300E07
0.00063
0.189
I

Since the soft polyurethane material, which is used to create the circular cap for the
pressure sensor, resists flow in linear direction yet sustains large deformations, it is
defined as non-linear visco-elastic material as the relation between stress and strain is
non-linear. This is needed for creep analysis, which is the application of pressure for a
long period of time. Therefore, the study is divided into two parts, one for static load
analysis and the other for creep analysis.
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5.3.1 Defining Model and Boundary Conditions
From our previous pressure experiments as described in the section 5.2.2, we learned that
there is no damage on the hard polyurethane surface. It is mainly due to the fact that hard
polyurethane has a very high tensile and yield strength compared to soft polyurethane,
1.99E07 N/m 2.

Therefore, to reduce the simulation processing time, model size is

reduced to only soft polyurethane, which means; only soft polyurethane is being modeled
instead of modeling the whole structure.

Figures 5.11 and 5.12 show the soft

polyurethane circular cap as modeled in FEA.

Figure 5.11 Sketch of data-recorder tag showing only two polyurethane moulding
compounds
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Figure 5.12 Dimensions of data-recorder tag and soft polyurethane compound

Face 2
Translation: x,y,z = 0,0,0
Rotation: x,y,z = 0,0,0

Face 1
Translaton: x,y,z = 0,0,1
Rotation: x,y,z 0,0,0

=

Face 3
Translation: x,y,z = 0,0,0
Rotation: x,y,z 0,0,0

=

Figure 5.13 Soft polyurethane compound model showing restraints and pressure
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Figure 5.13 shows the boundary conditions for the model. Face 1, which is considered as
the top face of the component, is subjected to pressures, whereas, Face 3, is the bottom
face of the component sitting on top of the pressure sensor. Face 1 is allowed to have
translation in z-direction but translation in x and y direction is restricted. Rotation is also
restricted in all directions for Facel. However, Face 2 and 3 are restricted for translation
and rotation in all directions.

5.3.2 Static Stress Analysis
Using the model as shown in Figure 5.13 and material properties as described in Table
5.2, pressure simulation study was conducted by applying 1420 psi and 2800 psi
pressures to Face 1. Results were obtained for von-mises stresses, displacements and
strains and shown in sections below.

5.3.2.1 Stresses and Displacement at 1420 psi
Results ofFEA simulation for 1420 psi pressure are shown in Figures 5.14 and 5.15. It
can be noted from Figure 5.14 that maximum stress value, 2.8E06 N/m 2, at 1420 psi is
under the yield strength of the material which is 9E06 N/m2 .
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Figure 5.14 Von Mises stresses when 1420 psi pressure is applied

The maximum displacement is observed in the center of the circular cap, Figure 5.15.
This behaviour is expected as the cap is constraint to deflect from sides, Face 2, so the
maximum deflection from center is in z-direction and of magnitude of 0.19 mm.
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Figure 5.15 Displacement when 1420psi pressure is applied

5.3.2.2 Stresses and Displacement at 2800 psi
Results ofFEA simulation for 2800 psi pressure are shown in Figures 5.16 and 5.17. It
2

can be noted from Figure 5.16 that maximum stress value, 5.5E06 N/m , at 1420 psi is
under the yield strength of the material which is 9E06 N/m

2

.
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Figure 5.16 Von mises stresses when 2800psi pressure is applied

The maximum displacement is observed in the center of the circular cap, Figure 5.17.
This behaviour is expected as the cap is constraint to deflect from sides, Face 2, so the
maximum deflection from center is in z-direction and of magnitude of0.38 mm.
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Figure 5.17 Displacement when 2800 psi pressure is applied

5.3.3 Results Summary for Static Stress Analysis
Results of static stress analysis are shown in Table 5.3.

Table 5.3 FEA stress analysis results

Von Mises Maximum Stress
Displacement along Z-Axis

(N/mL)
(mm)

1420 psi
2.8E06
0.19

2800 psi
5.12E06
0.38

Compared to yield strength of the material, 9E06 N/m 2 , maximum value of stress is
below the yield strength of the soft polyurethane circular cap at both applied pressures.
The direction of deflection matches to the observations made in previous study of
pressure experiments.

1I 1

Since the maximum stress value is under the yield strength of the material, conclusion
can be drawn that the material did not fail under applied pressure values.

In section 5.2.2, pressure experiments showed cracks on the soft polyurethane circular
cap when pressure of value 2800 psi was applied for a longer period of time. This is due
to creep affect and mainly due to the visco-elastic nature of the material. To study creep
affects through FEA and also to determine the time it takes the material achieve stress
greater than its yield strength, another FEA study was designed and conducted as
described in section 5.3.4.

5.3.4 Creep Analysis
Tendency of a solid material to slowly move or deform permanently under the influence
of stresses is known as "Creep". It occurs as a result of long term exposure to levels of
stress that are below the yield strength of the material. Creep is more severe in materials
that are subjected to heat for long periods, and near the melting point. Creep always
increases with temperature.

Creep can occur in polymers and metals which are

considered visco-elastic materials.

The rate of this deformation is a function of the material properties, exposure time,
exposure temperature and the applied structural load. Depending on the magnitude of the
applied stress and its duration, the deformation may become so large that a component
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can no longer perform its function. Unlike brittle fracture, creep deformation does not
occur suddenly upon the application of stress. Instead, strain accumulates as a result of
long-term stress. Creep deformation is "time-dependent" deformation.

In the initial stage, or primary creep, the strain rate is relatively high, but slows with
increasing strain. The strain rate eventually reaches a minimum and becomes near
constant. This is known as secondary or steady-state creep. This stage is the most
understood. The characterized "creep strain rate" typically refers to the rate in this
secondary stage. Stress dependence of this rate depends on the creep mechanism. In
tertiary creep, the strain rate exponentially increases with strain. The accumulation of
large in-elastic strains may lead to failure.

When subjected to a step constant stress, visco-elastic materials expenence a timedependent increase in strain. This phenomenon is known as visco-elastic creep.
Polymers, like polyurethane, experience significant creep at all temperatures especially
above 200°C. Polymeric creep is;

•

Non-linear visco-elastic

•

Irrecoverable

•

Significant at high temperatures
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Due to visco-elastic nature of soft polyurethane material, creep analysis were conducted
using FEA simulation by applying pressures for long time keeping same boundary
conditions as applied to the model in static stress analysis study. Several simulations
were conducted by using time as variable. Time of each applied pressure was increased
in each simulation starting from 1 hour to 5 hours. A same time increment was repeated
for pressure values, 1420 psi and 2800 psi, thus 5 simulations at each pressure value.

5.3.4.1 Creep Analysis at 1420psi
Keeping pressure at constant value of 1420 psi, 5 simulations were run by changing time
from 1 hour to 5 hours.

Figure 5:18 shows the von-mises stress distribution when

pressure of 1420 psi is applied for 5 hours. The value of maximum stress, 5.1 E06 N/m
is under the yield strength of the material, which is 9E06 N/m

2

.

2

,

Stress values have

changed significantly compared to static stress analysis study done in previous section.
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Figure 5.18 Von mises stresses when 1420 psi pressure is applied for 5 hours

The maximum displacement after 5 hours at 1420 psi is 0.4 mm. Maximum deflection is
at the center of the circular cap as shown in Figure 5.19.
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Figure 5.19 Displacement when 1420psi pressure is applied for 5 hours

115

5.3.4.2 Creep Analysis at 2800psi
Keeping pressure at constant value of 2800 psi, 5 simulations were run by changing time
from 1 hour to 5 hours. Figure 5.20 shows the von-mises stress distribution when
pressure of 2800 psi is applied for 5 hours. The value of maximum stress, 1E07 N/m 2, is
greater than yield strength of the material, which is 9E06 N/m2 . High stress value will
yield in deforming circular cap permanently and failure can be seen in the form of cracks.
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Figure 5.20 Von mises stresses when 2800 psi pressure is applied for 5 hours

The maximum displacement after 5 hours at 2800 psi is 0.81 mm. Maximum deflection
is at the center of the circular cap as shown in Figure 5 .21.
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Figure 5.21 Displacement when 2800 psi pressure is applied for 5 hours

5.3.5 Results Summary for Creep Analysis
Results of creep analysis are shown in Table 5.4.

Table 5.4 FEA creep analysis results

Von Mises Maximum Stress
Displacement along Z-Axis

(N/mL)
(mm)

1420 psi
5.19E06
0.409

2800 psi
1.039E07
0.819

Compared to yield strength of the material, 9E06 N/m 2 , maximum value of stress exceeds
the yield strength of the soft polyurethane circular cap when pressure value of 2800 psi is
applied for 5 hours. Deflections along the z-direction increase as the applied pressure
and time increases. Large strain combined with the high stress value after 5 hours of
2800 psi pressure can cause this material to deform permanently and the reason for
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cracks, which open path for water to enter the plastic polyurethane body and reach
electrical circuit.

5.4 Conclusion
Summarizing the results from static stress and creep analysis, as shown in Table 5.5, it is
clear that when 2800 psi pressure is applied for 5 hours, stresses exceed yield strength of
the material and thus resulting in cracks which matches to results obtained from physical
pressure experiments and shown in Figures 5.9 and 5.10.

Table 5.5 Summary of static stress and creep analysis
Static Stress Analysis
Von Mises Maximum Stress (N/m')
(mm)
Displacement

1420psi
2.8E06
0.19

2800psi
5.12E06
0.38

Creep Analysis
(5 hours)
1420psi
2800psi
5.19E06 1.039E07
0.819
0.409

From the animal behaviour as observed through recorded data and published studies, it is
not normal for any animal to dive to depths of 2800psi (1970 meters) and stay there for
such a long time, 5 hours. The normal dive pattern of most the deep diving animals is
between 3 to 9 minutes. Therefore, it can be concluded that the design of the datarecorder tag is good for the applications where the pressure, even as high as 2800 psi, is
applied for a short period of time.
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Recorded data from the tags that failed under packaging failure mode show that animals
diving pattern was closer to 1500 psi (1000 meters) and also no physical damage was
noticed on the casing of the failed tags, means no cracks. This means that the water
penetration which is the effect of packaging failure was not caused by high stresses or
openings through the plastic polyurethane body but could be due moisture diffusing
through the polyurethane material.

Chapter 6 further investigates packaging failure from moisture diffusion perspective since
it has been established that polyurethane packaging is strong enough to sustain high
pressure, 2800 psi, when applied for few minutes, which is the normal behaviour of the
marine animals. Root cause of other failure modes, power, temperature sensor, pressure
sensor and communication diode failures will also become clear in Chapter 6.
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Chapter 6
Moisture Diffusion in Electronic Packaging Materials

6.1 Introduction
Moisture poses a significant threat to the reliability of microelectronic assemblies and can
be attributed as being one of the principal causes of many early-life failures. Since the
vast majority of packaging materials are epoxy or polyurethane based, they have the
tendency to absorb moisture, which can lead to undesirable changes in material
properties. To ensure the reliability and durability ofthe electronic packages, the effect of
moisture is discussed and researched by several researchers as discussed in chapter 2. In
addition to being a moisture sensitive property, the interfacial adhesion is also affected by
the elastic mismatch, relative mode mixity, temperature, and the corresponding surface
chemistry and topology of the adherends. Therefore, the study of the moisture effect on
interfacial adhesion is inevitably a multidisciplinary effort.

The presence of moisture in plastic packaging alters thermal stress through alteration of
thermo-mechanical properties. For example; change of elastic modulus, shear strength
and glass transition temperatures. Moisture also;
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• Induces hygroscopic stress through differential swelling

• Reduces interfacial adhesion strength
• Induces corrosion
• Acts as an unwanted resistance when present between the two nodes of component
and result in lowering the resistance

Despite the pivotal role of moisture, research activities in moisture induced failure remain
relatively low, compared to thermal induced failure. This is partly due to the lack of
material data and aggravated by the lack of material characterization techniques and
procedures and the near absence of such properties from material vendors.

Chapter 6 presents a systematic knowledge and methodology to understand moisture
diffusion through electronic packaging materials. Sketches presented in Figures 6.1 and
6.2 show the hi-material interface and the path for moisture to ingress to the printed
circuit board through diffusion.

Figure 6.1 Sketch of the data-recorder tag showing hi-material interface

Hord Ur•rhaue

Glass

Figure 6.2 Sketch showing diffusion paths for water through hard and soft polyurethane
materials

6.2 Mathematics of diffusion
Adolf Fick derived laws of diffusion in 1855 which are similar to heat diffusion equations

by Fourier (Fourier, 1822). Pick's first law of diffusion, Equation 6-1 , is used in steadystate diffusion which is when the concentration within the diffusion volume does not
change with respect to time.

F =-Dac

ax

Where;

(6-1)
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F = rate of transfer per unit area of section (cm 2/sec)
C = concentration of diffusing substance (g/cm 3)
x = space coordinate measured normal to the section
D = diffusion coefficient (cm2/sec)

Fick' s second law, Equation 6-2, is used in non-steady or continually changing state
diffusion which is when the concentration within the diffusion volume changes with
respect to time.

(6-2)

Where;
C = concentration of diffusing substance (g/cm3)
2

D = diffusion coefficient (cm /sec)
x,y,z = dimensions in x, y and z direction (em)

Polymeric packaging materials transport moisture primarily by diffusion, although
secondary effects such as surface tension and pressure driven flows may also contribute.
Moisture transport strictly by diffusion is modeled using the standard transient diffusion
as per Fick' s second law.
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Wong, Koh, Lee and Rajoo (2002) showed that the crank' s equation (mathematics of
diffusion, 1956), can be modified into Equation 6-3 to calculate the diffusion coefficient
for isotropic materials.

(6-3)

Where;
h =total sheet thickness (rnm)
M 1 = total mass of the diffusing substance absorbed at time t
Moo = Equilibrium mass of the absorbed substance
2

D = diffusion coefficient (mm /hour)

Since the Equation 6-3 assumes that there is no diffusion from the edges of the specimen
or it is only true for large aspect ratio, Equation 6-4 is the correction factor needed to
compensate diffusion in z-direction, as prescribed by Wong, Koh, Lee and Rajoo (2002)

(6-4)

For square specimen,

124

(6-5)

Where;
Cr = correction factor
Z =thickness of specimen (mm)
X = length/width of the specimen

Zhou, Coffin and Arvelo (2006) suggested another correction factor, as shown m
equation 6-6.

Dc =

n(1 + !!_l + .!!._)

(6-6)

w

Where;
2

D = diffusion coefficient neglecting edge effect (mm /hour)
2

De = diffusion coefficient including edge effect (mm /hour)
h = height or thickness ofthe specimen (mm)
I = length ofthe specimen (mm)
w = width of the specimen (mm)

Using Crank' s equation (Mathematics of Diffusion, 1956), shown in Equation 6-7;
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2
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4 "' (-lY
[- D(2n+l) n ]cos(2n+l)nx
____.
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C""

1r

4t

,=0 2n+ I

(6-7)

2/

Where;
I = half thickness of sheet (mm)
2

D =Diffusion coefficient (mm /hour)
t = time (hour)
C = concentration of diffusing substance in timet (g/mm

3

)

Coo = Saturated concentration of the absorbed substance (g/mm 3)

In the initial stages of absorption where MtfMoo < 0.5 and assuming a constant diffusion
coefficient, D, above equation can be approximated to Equation 6-8 as shown by Wong,
Koh, Lee and Rajoo (2002).

- -_
-4~t
--

M,

M oo

h

(6-8)

1!

If absorption data is plotted with MtfMoo as a function of (t/h

2 112
)

and exhibits linear

behaviour for Mt/Moo < 0.5 , the diffusion coefficient can be determined by rearranging
Equation 6-8 to Equation 6-9;
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(6-9)

D = .!!..._
16

The diffusivity, D, can now be experimentally determined using absorption data (MtiMoo)
by weight gain experiment as prescribe in ASTM D570 method.

Once the diffusivity coefficient is known, theoretical Fickian curve can be plotted with
the experimental data to see if the absorption is Fickian or not. This can be done by using
the value of "D" calculated from weight gain experiment and plotting the graph with
different time values. Equation 6-10 can be used;

(6-1 0)

Figure 6.3 represents an example of graph plotted between MtfMoo and t
are the data from experiment and the continuous line is a Fickian curve.
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Figure 6.3 Example of Fickian curve

For very prolonged times curve becomes non-fickian, therefore, diffusion coefficient is
calculated by considering only the linear part of the curve. For materials showing nonfickian behaviour, Wong, Koh, Lee and Rajoo (2002) suggested to use the following
Equation 6-11;

0.45 h 2
{ 99%

=

D

Where;
t99% = time to approach 99% saturation (hours)
h = height or the thickness of the specimen (mm)
D = diffusion coefficient (mm2/hour)

(6-1 1)
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The 99% saturation approach helps to define the limit of Fickian diffusion hence
eliminate error caused by non-fickian sorption.

6.3 Moisture Ingress Rate Calculations
Moisture diffusivity and solubility data can be gathered by periodically weighing samples
soaked in a humidity chamber controlled to an accuracy of ±I °C and ± 1%RH as
prescribed by ASTM 0570 standard.

An analytical balance having an accuracy of

±0.01mg can be used to weigh samples. The samples are first dried in a convection oven
above 100°C for at least 24 hours and weighed to determine the dry weight.

It is

considered complete dryness when two consecutive measurements are same.

The

samples are then placed in humidity chamber. Samples are periodically removed from
the chan1ber and weighed. First few readings can be taken with a frequency of 10-15
minutes as sorption is higher in first few hours but can be relaxed later to 3-4 readings in
a day. Samples are considered saturated when two consecutive readings are same.

The percent increase in weight of a material after exposure to water under specified
conditions is calculated using Equation 6-12. Water absorption can influence mechanical
and electrical properties. Factors such as the type of material, additives, temperature, and
length of exposure can affect the amount of water absorbed.
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(6-12)

Mt(wt%)= Mt- Mo xlOO
Mo

Where;
M1 = weight of wet specimen at time t (gms)
Mo = weight of dry specimen (gms)

For testing, the specimens are dried and cooled. Three testing procedures are commonly
employed. Only data from the same testing procedures are readily comparable. The three
tests prescribed in ASTM D570 method are described in Table 6.1.

Table 6.1 ASTM D570 Test methods
Procedure
Water Absorption
@3 24 hrs
Water Absorption
@ Saturation
Water Absorption
@ Equilibrium.

Test Description
Test specimens are immersed in distilled water at a specified
temperature for 24 hours. Testing is most commonly done at 23 °C
Test specimens are immersed in distilled water at a specified
temperature until the water absorption essentially ceases.
Test specimens are exposed to a humid environment at a specified
temperature for 24 hours. Testing is most commonly performed at
50% relative humidity (RH) and 23°C

Datasheet obtained from materials manufacturer provided the information regarding
water absorption (M/Moo) using ASTM D570 test method as shown in Table 6.2.
Therefore, humidity chamber test was not conducted to calculate diffusion coefficient.
Instead the values provided were used to calculate diffusion coefficient using Equation 69.
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Table 6.2 Water absorption properties from polyurethane datasheet

Water Absorption,%
(168 hours at 25°C)
ASTM D 570

Soft Polyurethane

Hard Polyurethane

0.3

0.2

Inserting the values of M 1/Moo in Equation 6.9 for soft polyurethane, we get;

D =.!!._
16

0.3

Using equation 6-11 , moisture diffusion ingress rate can be calculated.

0.45
( 99%

=

t 99% =

(2J-

-4

4.20xl O

4285.71 hours = 178.5 days

Using equations 6-9 and 6-11 again for hard polyurethane, we get;
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2

D = !!_
16

0.08

Msl
1 12

t99%= 60560.74 hours = 2523.36 days= 6.913 years

The results are summarized in Table 6.3 below;

Table 6.3 Diffusion coefficient for polyurethanes, soft and hard

Diffusion Coefficient, D
2
(mm /hr)
t99%
(days)

Soft Polyurethane

Hard Polyurethane

4.20 X 10-4

1.07 X 10-3

178.5

2523 .36

Referring to Table 6.3, it takes approximately 6 months for the soft polyurethane circular
cap to fully saturate with water whereas 7 years for hard polyurethane. Considering it
takes 7 years to diffuse through the hard polyurethane, it is not considered for FEA
simulation study. Only soft polyurethane circular cap was modeled in next section as it
diffuses in 6 months which can be the cause of failures in the tag.
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6.4 Finite Element Simulation
Since the Fick's moisture diffusion equation, Equation 6.2, follows the same governing
differential equation as the diffusion of heat (Fourier, 1822), with a change of the
dependent variable, temperature, with moisture concentration and the thermal diffusivity
with moisture diffusivity, commercially available heat transfer simulation software can
by used to solve transient moisture diffusion problem. However, a unique problem arises
in the diffusion of moisture. Since D is constant for particular material, for hi-material
analysis, interfacial concentration discontinuity can not be analyzed.

An interfacial

discontinuity results where two materials having different saturated concentrations are
joined.

To use heat transfer simulation software for moisture diffusion simulation, manipulation
in defining material properties is required.

This is done by replacing thermal

conductivity of the material with moisture diffusion coefficient, which was calculated in
previous section, and defining density and specific heat to unity.

The method is

prescribed by Yoon, Han and Wang (2007) and shown in Table 6.4.

Table 6.4 Variables map for FEA simulation
Heat Transfer
(Temperature, T)
p, density (kg/m3)
k, Conductivity (W/m.K)
cp, Specific Heat (J/kg.K)

Moisture Diffusion
(Moisture Concentration, C)
1
D
1
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6.4.1 Boundary Conditions
As shown in Figure 6.4, Face 1 is exposing face of the circular cap where moisture is
applied and therefore concentration on Face 1 is set to 1, meaning completely wet. Face
2 and 3 are defined as completely dry faces and concentration set to 0.

Face 2
Moisture Concentration: x,y,z

=0,0,0

it
~\,
\
. ··....r , · . ·....·

Face 1
Moisture Concentration: x,y,z
1,1,1

=

. j

<

Face 3
Moisture concentration: x,y,z
0,0,0

=

Figure 6.4 Boundary conditions for moisture diffusion FEA model

Where;
C = 0 for complete dryness
C = 1 for saturated wetness
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6.4.2 Moisture Ingress Simulation
Following are the results of the moisture diffusion simulation as shown in Figures 6.5 to
6.8.

Model- ~or glob
Study n~~~ne; moist 2
Pk'lt t~ Tllemlal Thel'llllll1
Title step; 1 tine . 155000 Sec«<ds

Figure 6.5 Moisture diffusion after 1.8 days
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Figure 6.6 Moisture diffusion after 10 days

Model r.orne: -

studY Mine: moiSI2

glob
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,... step: 2ll t.....

31 ...00$ Second•

Figure 6.7 Moisture diffusion after 35 days
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Figure 6.8 Moisture diffusion after 185 days

6.4.3 Results
From the simulation results it is observed that it takes approximately 185 days for soft
polyurethane to saturate 99%, which is close to the ingress rate result as calculated in
previous section thus validating the FEA model. Table 6.5 shows the result from of
moisture diffusion time obtained numerically and analytically.
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Table 6.5 Moisture ingress rate results
Moisture Ingress Rate
(Soft Black Polyurethane Circular Cap)
Calculated

178 days

FEA

185 days

6.5 Conclusion
Moisture diffusion mgress rate

IS

calculated and validated through finite element

modeling. It takes approximately 6 months for soft polyurethane to saturate 99% with
moisture, whereas approximately 7 years for hard polyurethane, as illustrated in Figure
6.9.

,....----r---r -------- - ----- ---

2mm

7 years
Pressure Sensor
(Glass)

Battery

L - . ._ _ _ _
.....
_ - _ - __-- :
_ - _ -:
_ - _ - _ - _ - _ -:
_ - _ - _ - _ - _ - _ - _ - _ - _ - _ - _ - _ - _ - _ - _ -_-_-_--'-_
- _- _--_-_--_
- _ - _-. ....

r"®
F·~

Snun

I~ -~:1_ ----- - -- -----

Figure 6.9 Moisture diffusion time through two polyurethane materials
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For moisture to reach interconnect pads of pressure sensor, when diffused through soft
polyurethane material, which is at the bottom of the pressure sensor, it now needs to
diffuse through hard polyurethane material of 2 mm in height as shown in Figure 6.9.
Using Equation 6.11 to calculate the ingress rate for of moisture through 2 mm thick hard
polyurethane material is almost 3 years. This means that all the electronic components in
the tag, except pressure sensor which is encapsulated with soft polyurethane circular cap,
can expect moisture to reach them through diffusion in 7 years. Whereas, sensing surface
of pressure sensor can expect water, diffusing through soft polyurethane material, in 6
months.

Considering the design life of the data-recorder tag, which is from 2.5 years to 3 years,
based on the maximum battery life, discussed in Chapter 4, time for moisture to reach to
pressure sensor interconnect or the circuit board is 3.5 years, which is beyond tag's
design life. Therefore, it can be concluded that packaging design is good to protect the
electronic components and electrical circuit from moisture and does not allow moisture to
penetrate polyurethane material during its life.

The failures observed from the failure data analysis, which are categorized as "packaging
failures", are all well within 1 year of tag' s mission life.

This can happen if the

manufacturing process of moulding the electronics in the two polyurethane materials is
not in control.
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Another important factor that is not considered in the study is the interface of two
polyurethane materials, soft and hard, which is adhesively bonded to each other. If this
bond is compromised, it will open up a path for water to travel faster to the components
on the circuit board, Figure 6.1 0. One of the important factors for this bond to be reliable
is the contact area, which is created during the moulding process when hard and soft
polyurethane material in liquid form is poured by hand. If the process is not controlled it
can result in achieving contact area which is beyond design specifications and cause bond
to break during small pressure applications. Smaller contact area can also cause moisture
to diffuse faster than calculated previously.

Another important interface is the bond

between hard polyurethane and pressure sensor components which is made of glass
material. There is no data available on the bond strength of these two materials but if
compromised, along with the bond of soft and hard polyurethane, will become an open
channel for water to reach electrical circuit and result is either short circuiting one or
more electronic components or creating an excess discharge phenomenon, which leads to
rapid discharge of battery.
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Interface of soft and
hard polyurethane

Pressure Sensor
(Glass)

Interface of pressure
sensor and hard
polyurethane

Battery

Figure 6.10 Sketch of tag showing interfaces of polyurethane materials

Chapter 7 presents the summary of the all the analysis and experiments done in previous
chapter and lead to conclusions.
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Chapter 7

Conclusions and Recommendations

Extensive experimental and analytical studies were perfonned to investigate the
reliability of the biotelemetry data-recorder tag, to identify the critical factors and
physical mechanisms that govern the early life failure of the tag during a mission. Dming
this analysis it became apparent that moisture ingression stands out as the worst problem.

Before specifically researching moistme behaviour and its effects on microelectronic
circuit, component reliability analysis was also considered and several experiments,
calculations and models were created to understand the fai lure mechanisms which have
an effect on life and reliability of these components. Among all, battery was studied with
greater detail as most of the failures recorded were related to power failures .

Several fundamental conclusions can be made that will help advance cuiTent
understanding of stress related and moisture induced failures. Future work can build upon
this study to expand the knowledge of moisture degradation mechanisms to yield more
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robust adhesive structures not only in microelectronic packaging applications, but also in
aerospace and structural applications where high reliability is the key design element.

7.1 Conclusion of Research
Throughout the study both experiments and analytical models were developed to achieve
greater understanding of the phenomenon. These conclusions can be divided into four
primary sections.

Weibull analysis and hazard plots of fai lure obtained from field data show infant
mortality. Fault tree analysis show that all electronic components on-board have high
reliability as a system and even the critical component analysis for each sub-system
surpasses design life of the tag.

Battery is the only component that determines the

ultimate life of the data-recorder tag and provides life to the electronics beyond 2 years,
which is the design life of the tag. The result of infant mortality attributes to poor quality
control in manufacturing process.

Second section of the thesis includes the experimental and analytical analysis of the tag to
address each individual failure mode. Power failures which is related to rapid discharge
of battery, is addressed by understanding the design limitations of the battery and
calculating the true life of the battery. This is done by conducting experiments on the
battery at room and sub-zero temperatures. This methodology helped in understanding
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the life expectancy of battery and qualification at extreme operating conditions.

An

analytical model was also developed to calculate the real life of the battery when in-use
with the data-recorder system. It is determined that choice of the battery is good at
temperatures well below 0°C. The manufacturing process of welding tabs to the cells
was also considered in the experiments which showed no significant impact on the life of
the cell. After determining power failures are not due to poor performance of the battery,
focus shifted towards external elements that can cause damage to electrical circuit or
electronic components on the circuit.

Third section of the thesis is focused on the structural integrity and reliability at different
pressures. This was done to address packaging failures which are related to presence of
moisture inside the tag or on the electrical circuit short circuiting components to result in
instant death of component or rapid discharge of battery. To investigate the process by
which moisture can enter the plastic encapsulated body of the tag and reach electronics,
pressure experiments were designed and conducted. Test specimen were subjected to
different pressures to determine the ultimate strength of the encapsulating materials and
bond strength of the hi-material interface as is the case in data-recorder tag under study.
This was also repeated through FEA simulation and study was validated through
comparison of results between the physical pressure experiments and FEA simulation.
Conclusion was made that data-recorder tags qualify design pressure rating of 1500 psi
when applied for short period of time. But creep affect was observed when 2800 psi was
applied for 5 hours. Since the dive patterns of the marine animals is anywhere between 3
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to 9 minutes reaching maximum depths of 2800 psi, the failure due to 5 hour creep affect
is discarded and tag is considered qualified as per design specification. This also means
that at normal operating conditions, temperature and pressure, polyurethane casing is
strong enough to hold water penetrating to buried electronics.

Therefore, the last

hypothesis to investigate was moisture entering the tag through diffusion.

Last section of the thesis was specifically focused on providing a good understanding of
the effect of moisture on the data-recorder tags. Moisture transport characteristics were
studied by calculating the diffusion coefficient and using that information moisture
ingress rate was calculated for both polyurethane materials, soft and hard.

It is determined that while it takes 6 months for moisture to diffuse through soft
polyurethane circular cap, it takes 7 years through hard polyurethane material. Therefore,
diffusion through soft polyurethane is faster and reaches the top sensing surface of the
pressure sensor in 6 months. Water to reach electronics, after reaching the pressure
sensor surface, need to first diffuse through 2 mm thick hard polyurethane layer, which
slows down the diffusion process to another 3 years. The total time for moisture to reach
electronics through soft polyurethane circular cap, takes approximately 3.5 years.

It can

be concluded here that there is no threat to electronics inside the moulded polyurethane
materials during its design life, which is not more than 3 years.

-

------------------------------------------------------------------------------
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After calculating diffusion coefficients of the two polyurethane materials, moisture
mgress rate was also simulated through finite element analysis using heat transfer
module.

The results of ingress rate came close to the calculated values.

Moisture

absorption kinetics, elastic modulus variation due to moisture absorption, and the effect
of moisture on interfacial fracture touglmess were not studied in this thesis but can be
analyzed in future work.

All the analytical calculations and finite element models developed in this thesis are
verified by physical experiment results, except the moisture ingress finite element model,
which provided same result as the calculations.

All reported and recorded failures in the data-recorder tag are in infant mortality stage.
Moisture is the major role player for all the failures, whether it is a component failure as
seen in temperature sensor, pressure sensor and communication diode failures or a system
fai lme due to rapid discharge of battery which is due to presence of moisture between the
two nodes of the component resulting in lower resistance which in-turn result in excess
draw of cunent from battery, thus rapid discharge.

7.2 Recommendations and Future work
A multi-disciplinary study was conducted to advance the understanding of the
microelectronics failures and use of reliability engineering theory. Several fundamental
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mechanisms responsible for the change in adhesion from moisture uptake have been
identified from this study; however, future contributions are needed to further advance
the tmderstanding of the role of moisture in the reliability moulded microelectronics and
of adhesive joints in moulding materials.

Moisture can affect interfacial adhesion through two pnmary mechanisms. The first
mechanism is the direct presence of moisture at the interface altering the interfacial
integrity of the adhesive joint. The second mechanism is the absorbed moisture in either
the adhesive and/or substrate altering the mechanical characteristics of those materials,
which will indirectly affect the interfacial adhesion when an external load is applied to
the structure.

Last, it should be noted that the basis of this work was founded on data-recorder tag test
results. The results have provided groundwork for evaluating the effect of moisture;
however, it would be interesting to conduct a study that focuses on the effect of moisture
on the fatigue characteristics of adhesive joints. It is well known that fatigue loads much
lower than static failure loads yield failures in adhesive joints, and future studies could
build from the fundamental results of this study to identify the primary mechanisms
responsible for the loss in fatigue life in the presence of moisture. Based on the data
generated, a predictive model could be developed that characterizes the effect of moisture
on joint reliability for fatigue environments. An additional consideration in addition to
fatigue generated from externally applied loads is the issue of environmental fatigue.
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Fatigue may occur due to repeated absorption and desorption of moisture in an adhesive
joint. Recovery results in this study have shown a significant, permanent loss in
interfacial fracture toughness upon fully drying after exposure to moisture. It would also
be interesting to evaluate the effect of multiple cycles of environmental fatigue on
interfacial fracture toughness, with one cycle consisting of saturated conditions followed
by fully drying.

Further recommendations are as follows;
•

Humidity controlled environment is needed at the manufacturing facility so that
complete dry electronic assembly is moulded.

•

Accelerated life testing models to be researched and developed for environmental
stress testing

•

Burn-in times and burn-in optimization should be calculated using reliability theory
and practices before encapsulating the electronics

•

Models for different types of stress tests to be developed for temperature, vibration,
humidity and electrical stresses

•

Further structural analysis using FEM to be conducted on the area of contact at the
interface of the soft and hard polyurethane

•

More mechanical tests to be conducted for bond strength of the two moulding
materials

•

More experiments and analytical analysis needed to understand characterization and
modeling of moisture behaviour

.------------------------------------------------------------------ --
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•

In-depth analysis of diffusion of moisture in multi-material system

•

Using humidity chamber fickian curve for moisture behaviour to be developed for
fu1iher clear understanding of moisture behaviour in moulding compounds

•

Vapour pressure modeling for moisture diffusion to be conducted to understand the
impact of moisture presence on the circuit board at different temperatmes and
pressures

•

Further understanding of effect of moisture on loss of adhesion between moulding
materials is needed for design qualification and evaluation
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Appendix 1
Raw failure data:
Life Data
Tag#

Failure Mode

Sur viva l Data (Days)

Hours

Status

1731

42.7

1024.8

Failed

I

Battery

Leakage

1446

21.3

511 .2

Failed

I

1303

10.7

256.8

Failed

I

1254

91

2184

Failed

1124

730

17520

Failed

I

3487

105

2520

Failed

I

1355
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Appendix 2
Hazard plot data:
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